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SUMMARY 
 
As the demand for higher-density, higher-speed, and extremely low-dimensional 
metal-based spintronic devices has grown enormously, interest in the application of 
perpendicular exchange bias (PEB) to advanced spintronics devices has increased 
dramatically because PEB spintronic devices have technically promising properties, 
such as high thermal and magnetic stabilities and a lower device operating current 
density. In contrast to the exchange bias with in-plane anisotropy that has been widely 
studied, the investigation of PEB is relatively less so far. PEB continues to face the 
challenge of a small exchange bias field along with a large coercivity, which limits its 
applications in PEB spintronic devices. In this work, we focus on understanding the 
physical origin of PEB and improving its characteristics. 
First, a physical model of PEB is established based on the total energy equation 
per unit area of an exchange bias system. The anisotropy energy of the 
anti-ferromagnetic (AFM) layer (KAFM×tAFM) and the ferromagnetic (FM) 
multi-layers (KFM,eff×tFM), as well as the interfacial exchange coupling energy (Jex), 
were considered to be the primary physical parameters in the construction of the 
physical model of the PEB phenomenon. Based on this model, it was found that 
controlling the product of the perpendicular spin component of the FM and AFM 
between the top layer of the perpendicular multilayers and the AFM interface, and 
control of the effective anisotropy of both the AFM and FM layers are the most 
crucial factors that determine the physical characteristics of the PEB. Experimental 
 vii 
validation was achieved by investigating the magnetic reversal process before and 
after magnetic annealing.  
Second, experimental works have been conducted to improve the PEB 
characteristics based on the established model. The effect of the seed layer on the 
microstructural tailoring of the [Pd/Co]5/FeMn thin film has been studied by 
modifying the deposition conditions of the different seed layer materials. It was 
observed that a smooth interface with fine nucleation sites could significantly improve 
the PEB characteristics of the [Pd/Co]5/FeMn structure. Experimental works 
investigating the physical origin of the undesirable double hysteresis behavior in the 
PEB system have also been performed. A large perpendicular anisotropy has been 
identified as the key to eliminating this behavior. 
Third, this thesis explores the effect of stress on the PEB characteristics by 
controlling the stress of the PEB multilayers externally and internally. 
Magnetoelastically induced perpendicular anisotropy (KFM,me) and Jex in the system 
have been effectively controlled to improve the PEB characteristics significantly. 
Finally, the theoretical and experimental results are implemented in the design of a 
PEB GMR spin valve device. The exchange-biased GMR spin valve devices with 
PEB bi-layered thin films exhibit high levels of magnetic stability and GMR 
performance. 
 viii 
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CHAPTER 1   INTRODUCTION 
 
1.1 Background 
Exchange-biased giant magnetoresistance (GMR) spin-valves with perpendicular 
anisotropy have recently attracted dramatically increased interest because of their 
applications in spintronics devices, such as in spin transfer switching (STS), magnetic 
random access memory (MRAM), ultra-high-density magnetic information devices, 
and low-field-detection spin oscillators.1 - 4 Interest in these applications is mainly 
driven by the fact that exchange-biased spin-valves with perpendicular anisotropy 
promise technical advantages, such as high thermal and magnetic stability and lower 
device-operating current density.5 - 9 Such outstanding properties allow the realization 
of extremely low-dimensional and high-reliability devices in more advanced 
spintronics applications than their in-plane anisotropy counterparts. 1 - 9 The stability 
of these devices, which is one of the critical factors determining the performance of 
GMR spin-valves, is achieved by a large exchange coupling that inhibits magnetic 
excitation in the pinned layer of the GMR spin-valve and guarantees reproducible 
write/read. This property becomes even more critical in patterned devices in which 
there is a distribution of the switching field. Therefore, the understanding of the 
exchange bias phenomenon and improvement of the exchange bias characteristics are 
critical for the development of GMR spin valves for application to spintronic devices. 
Exchange bias was first reported by Meiklejohn and Bean (M-B) in 1956 as an 
exchange anisotropy. “This anisotropy is the result of an interaction between an 
antiferromagnetic material and a ferromagnetic material”.10 - 12 With extensive studies 
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on exchange bias, this phenomenon has been confirmed to originate from the 
unidirectional anisotropy, which is a result of the interfacial exchange interaction 
between ferromagnetic (FM) and anti-ferromagnetic (AFM) materials. 10- 13  The 
localized uncompensated AFM spins, which are coupled to FM spins at the interface, 
exert a strong torque to pin the FM spins and prevent them from switching under an 
external field. As illustrated in Figure 1.1, this behavior typically exhibits a shift in the 
hysteresis loop along the magnetic field axis (exchange coupling field, Hex), as well 
as an increase in the half-width of the loop (coercivity, Hc).  
 
Figure 1.1 Hysteresis loop, m(H), of a FeF2/Fe bilayer at T=10K 
after field cooling. 14  The exchange bias field, Hex, and the 
coercivity, Hc, are indicated in the figure. 
Exchange bias has been observed in many different systems containing 
FM-AFM interfaces, such as small particles, 15 - 18 inhomogeneous materials, 19, 20, 21 
FM films on AFM single crystals 22, 23 and polycrystalline thin films.24, 25, 26 The 
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primary focus of this thesis is layered polycrystalline AFM-FM because it offers 
improved control over the interface, and it is more amenable to the development of 
spintronic devices. The exchange bias phenomenon is explained well by Fulcomer 
and Charap’s model and its extensions in many polycrystalline FM-AFM exchange 
bias coupled system with in-plane anisotropy. These models assume that the 
magnetization of each region in the FM layer behaves coherently and couples with 
multiple AFM grains. The interface net moment of the AFM grains (Snet) arises from 
the atomic roughness or defects of the AFM surface. The effect of annealing on Snet 
has been attributed to the thermally assisted switching of the AFM-grains, 27 the phase 
change of AFM-grains, 28  the change of the AFM-anisotropy through lattice 
distortion,29 or an interface vacancy relocation mechanism.30  
Since their discovery, exchange bias effects have been widely used in many 
applications, including permanent magnets, 31 magnetic recording media, 32, 33 and 
domain stabilizers in recording heads based on anisotropic magnetoresistance 34. 
Since the 1990s, increased interest in these phenomena 35 has arisen because of the 
reduction of the saturation fields required to observe GMR in exchange-biased 
systems 36 compared to that required in standard GMR multilayer systems37. The 
exchange-bias phenomenon has become the basis for an important application in 
information storage technology, and it is the subject of intensive world-wide research 
and development activities. 
For most FM/AFM bilayers, the exchange bias is observed with in-plane 
anisotropy because this is usually the easy axis of the FM layer due to the strong 
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shape anisotropy. However, exchange bias effects have also recently been induced 
along the perpendicular-to-film direction in both continuous and nanostructured 
multilayers. Exchange bias with perpendicular anisotropy was first discovered in the 
FeF2-CoPt heterogeneous structured system in 2000.38 Since then, an increasing 
number of research activities have begun to physically clarify this uncertain exchange 
bias phenomenon. The perpendicular magnetic phenomenon is promising for 
spintronic applications in magnetic sensors based on spin valves or magnetic tunnel 
junction structures because it offers high thermal and magnetic stabilities and a lower 
device operating current density. 39, 40  
In this thesis work, a perpendicular exchange bias study was conducted using the 
[Pd/Co]n/FeMn multilayer thin film system. FeMn was chosen as the AFM layer for 
this study because FeMn is a well-known AFM material. Providing considerable 
fundamental information for this thesis study, many research works have studied this 
material, such as the FeMn magnetic phase information, crystal structure, Neel 
temperature, and spin structure. The [Pd/Co] bilayered structure was chosen in this 
thesis work because this is one of the promising candidate materials that has large 
perpendicular anisotropy. In addition, the perpendicular anisotropy can be controlled 
easily by varying the thickness of the Pd or Co, as well as by changing the number of 
bilayers.41 - 44 
 
1.2 Motivation and research objectives 
The perpendicular exchange bias (PEB) has attracted significant attention because 
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of its advantages over the in-plane system; however, it faces challenges, such as a 
small exchange bias field (Hex) with a large coercivity (Hc). The resulting poor 
stability limits its applicability to a variety of spintronics devices.  
Current research efforts relevant to PEB have mainly focused on the development 
of new metallic thin film PEB systems 45 - 48  and the improvement of PEB 
characteristics for advanced spintronics.49-51 Unlike the in-plane anisotropy systems, 
in which the exchange bias mechanism is already well-understood, 52 - 54 current 
studies of PEB are primarily focused on empirical methods. 45-51 Despite the 
investment of significant research efforts, the lack of well-established physical models 
has already become a major bottleneck in overcoming the scientific challenges of this 
system. Therefore, the development of a physical model for a PEB system that can 
elucidate the underlying physics and predict the physical parameters that can 
influence the adjustment of the PEB characteristics more effectively is the most 
urgent issue for rapid extension of the application of PEB to a wider range of 
spintronic devices.  
To understand the underlying physics of the PEB system, a physical model of 
PEB is established in this work. The anisotropy energy of the AFM layer 
(KAFM×tAFM), that of the FM multi-layers (KFM,eff×tFM, where KAFM and KFM,eff are 
the anisotropy constant of AFM and FM layers, and tAFM and tFM are the total thin 
film thickness of AFM and FM layers, respectively) and the interfacial exchange 
coupling energy (Jex) were considered to be the primary physical parameters for the 
construction of the physical model of PEB phenomenon. Based on the established 
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model, it was found that controlling the product of the perpendicular magnetization 
component between the top layer of the perpendicular multilayers (PMLs) and the 
AFM interface, as well as the effective anisotropy of both the AFM and FM layers, is 
the most crucial factor that determines the physical characteristics of the PEB. 55  
To improve the PEB characteristics, experiments have been conducted to 
optimize the PEB multilayer structure and understand the physical origin of the 
undesired appearance of a double hysteresis loop based on the established model. The 
optimization includes varying the seed layer materials and deposition conditions, 
modifying the [Co/Pd]n ferromagnetic multilayer structures, and controlling the 
magnetic annealing conditions.  
The magnetoelastic effect on the PEB characteristics has also been explored by 
controlling KFM,eff, as well as Jex. This was achieved by tailoring the stress-induced 
perpendicular anisotropy, which is considered to be another crucial physical origin of 
the perpendicular anisotropy of the [Co/Pd] PMLs56. These methods have proven 
effective for improving the PEB characteristics. Finally, changes based on the 
theoretical and experimental results were implemented to develop exchange-biased 
GMR spin valve device with PEB bilayered thin films that exhibit high magnetic 
stability, as well as high GMR performance. 
 
1.3 Organization of thesis 
Chapter 1 discusses the background, motivation and objective of the work 
presented in this thesis.  
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Chapter 2 gives a brief introduction to several basic theoretical concepts and 
reviews the previous works that pertain to the main research topics presented in this 
thesis. The phenomena and applications of the exchange bias effect are discussed. A 
review of the perpendicular anisotropy in the multilayers is also provided. In this 
chapter, giant magnetoresistance, spin valves, and the magnetoelastic effect on the 
magnetic layers are also presented.  
Chapter 3 presents the sample preparation process and a detailed overview of the 
thin film deposition and characterization techniques that are used in this thesis. 
In Chapter 4, a physical model of the perpendicular exchange bias is established 
based on the total energy equation per unit area of an exchange bias system by 
assuming a coherent rotation of the magnetization. The corresponding experimental 
works are also presented in this chapter to prove the physical validity of the proposed 
PEB model.  
In Chapter 5, various experimental works on the improvement of the system 
characteristics are presented. A study of the seed layer effect on tailoring the 
microstructure of the [Pd/Co]5/FeMn thin film was conducted by modifying the 
deposition conditions of the different seed layer materials. Experimental works have 
also been performed to understand the physical origin of the undesirable appearance 
of the double hysteresis behavior in the PEB system. 
Chapter 6 explores the magnetoelastic effect on the PEB characteristic by 
controlling the stress of the PEB multilayers externally (by applying external stress to 
the multilayers) and internally (by varying the deposition conditions of the insertion 
CHAPTER 1                                                                   INTRODUCTION 
 8 
layers).  
Chapter 7 presents a PEB GMR spin valve by implementing the theoretical and 
experimental results from the previous sections. 
Chapter 8 presents the conclusions reached with this work and suggestions for 
future research efforts.  
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CHAPTER 2   LITERATURE REVIEW 
 
2.1 Introduction 
This chapter introduces some basic theoretical concepts and reviews previous work 
pertaining to the main research topics presented in this thesis. §2.2 describe the basic 
phenomena as well as the physical origin of exchange bias effect. The review of the 
perpendicular anisotropy in the multilayers is provided in §2.3. This is followed by 
§2.4 which describes the magnetostriction and the effects of stress on the magnetic 
layers. §2.6 discusses about the giant magnetoresistance (GMR) and spin valve. 
 
2.2 Exchange bias  
2.2.1 Basic phenomenon of exchange bias 
Since the first discovery of the exchange bias phenomenon by Meiklejohn and 
Bean in 1956,1, 2 it has become the basis for an important application in information 
storage technology, with a high current level of world-wide research and development 
activities. The exchange bias phenomenon was generally present when cooling the 
antiferromagnetic (AFM) - ferromagnetic (FM) couple with an applied magnetic field 
from a temperature above Neel temperature (TN), but below Curie temperature (TC) 
(TN < T < TC), to temperature below TN (T < TN). After this cooling procedure, the 
hysteresis loop of the sample will shift to the opposite direction of the applied field as 
shown in figure 2.1. The loop shift is known as exchange bias, Hex, while the 
coercivity (Hc) will usually increase after the field cooling procedure. The 
disappearance of loop shift when temperature is above TN confirms that the exchange 
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bias phenomenon is due to the presence of AFM materials.3 
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Figure 2.1 Hysteresis loop of the samples with the structure of 
substrate/Ta/[Pd/Co]5/FeMn/Ta 
 
2.2.2 Mechanism of exchange bias phenomenon 
The mechanism of exchange bias phenomenon in the in-plane direction can be 
understood by Fig. 2.2, which illustrates the spin configuration of an FM-AFM bilayer. 
The initial spin status of an FM-AFM bilayer is shown in Fig. 2.2 (a-i) under the 
temperature range TN < T < TC. All the spins in FM layer point to the same direction 
as the applied field. Nevertheless, the spin configuration in AFM layer is random. 
This is because AFM materials become paramagnetic when the temperature is higher 
than TN. The spin configuration of the FM-AFM bilayer after cooled from TN < T < 
TC to T < TN is shown in Fig. 2.2 (a-ii). If it is ferromagnetic coupling, the spin of 
AFM layer which is most nearest to FM layer will align in the same direction as FM 
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layer due to the interaction in the interface. The rest of the spin planes in AFM layer 
will “follow” the antiparallel order to align themselves; so that the net magnetic 
momentum in AFM layer is zero. If the applied field is reversed, the spins in FM layer 
will start to rotate as shown in Fig. 2.2 (a-iii). However, the spins in AFM layer 
remain the same due to sufficiently large AFM anisotropy. The ferromagnetic 
coupling in the FM-AFM interface will try to align the spins in FM layer to the 
original direction, which means it will exert a microscopic torque on the spins in FM 
layer. Therefore, the magnetic field required to reverse the spin direction in F layer 
becomes larger as shown in Fig. 2.2(b), since extra field is needed to overcome the 
torque from AFM layer. However, less magnetic field is needed when switching back 
the spins in FM layer to original position as shown in Fig. 2.2(b), because the 
ferromagnetic coupling in the FM-AFM interface helps the spins of FM layer to rotate 
back as shown in Fig. 2.2 (a-iv) and (a-v).  
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Figure 2.2 Schematic diagram of the spin configuration of an 
FM-AFM bilayer (a) at different stages (i)-(v) of an exchange biased 
hysteresis loop (b). Note that the spin configurations are just a 
simple cartoon to illustrate the effect of the coupling and they are not 
necessarily accurate portraits of the actual rotation of the FM or 
AFM magnetizations.  
 
2.2.3 Theoretical models 
There are various theoretical models to describe the exchange bias characteristics. 
These models have attained different degrees of agreement with existing experiment 
results. Figure 2.3 shows an intuitive model of exchange bias system, it is also the 
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most commonly accepted model to describe the exchange bias system.  This model 
assures the absence of AFM and/or FM domain, the AFM and FM anisotropy axes are 
parallel and ferromagnetic coupling at the interface, and the coherent switching of 
magnetization. In this simple and ideal model, the energy per unit area of an exchange 
bias system can be written as 3,4 
( ) ( ) ( ) ( )αβαββθ −−++−−= cossinsincos 22 INTAFMAFMFMFMFMFM JtKtKtHME  
(2.1) 
where H is the applied field, MFM the saturation magnetization, tFM the thickness of 
the FM layer, tAFM the thickness of the AFM layer, K FM the anisotropy constant of the 
FM layer, KAFM the anisotropy constant of the AFM layer and J INT the interface 
coupling constant. β, α, and θ are the angles between the FM magnetization and the 
anisotropy axis, the AFM sublattice magnetization (MAFM) and the AFM anisotropy 
axis, and the applied field and the FM anisotropy axis (see Figure 2.3). The first term 
of this energy equation represent the effect of the applied field on the FM layer; the 
second and third term is the effect of the FM and AFM anisotropy respectively; and 
the last one takes into account the interfacial coupling effect.  
Since the condition KFM tFM<<KAFM tAFM is often fulfilled as proved 
experimentally, for the simplest case, this term can be ignore. Therefore, the energy 
equation can be expressed as  
( ) ( ) ( )αβαβθ −−+−−= cossincos 2 INTAFMAFMFMFM JtKtHME  
(2.2) 
The loop shift can be found by minimized the energy of the system with respect to 
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α and β, which gives that 
FMFM
INT
E tM
JH =                           (2.3) 
 
Figure 2.3 Schematic diagram of angles involved in an 
exchange bias system 4 
From this minimization, an important condition is found out to be required for the 
observation of exchange bias. It is 
INTAFMAFM JtK ≥                        (2.4) 
It is this condition that makes sure that α is kept to be small independently of β. 
This means that the spin direction in AF layer keeps align with its easy axis and not 
rotate with response to the switching of the spins in F layer.  
Although the model introduced above has included many important factors for the 
exchange bias system, this simple model cannot estimate the complicated real system 
very accurately. Researchers found that the exchange bias field predicted by this 
simple theory is larger than the experiment value by about two orders. 
Mauri et. al. proposed a model which considers the formation of an AF planar 
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domain wall. They state that the exchange bias system works under two competing 
factors, the interfacial exchange energy which tries to rotate the spin of AF layer with 
the reverse of the spin in F layer, and the AF anisotropy energy which try to maintain 
the original spin direction of AF layer.5 When the system is under strong interface 
coupling, the exchange bias field is determined by the strength of AF anisotropy, KAF, 
and the AF exchange integral parameter JAF. The smaller the amplitude of these two 
factors, the easier it is to form AF domain wall, and the exchange bias field reduces. 
When the system is under weak interface coupling, the exchange bias field is limited 
by the strength of the interfacial exchange coupling energy. The smaller the coupling 
energy is, the smaller the exchange bias field is. Although this model reduces the 
exchange bias energy by two orders by emphasizing the formation of AF domain wall 
in strong interfacial coupling case, most of the experimental works indicate the 
presence of weak interfacial exchange bias. Therefore, more suitable model is still 
desired. 
Random field model is proposed by Malozemoff 6- 8 who stated that it is the 
roughness or structural defects cause the interfacial AFM moment imbalance. These 
net uncompensated moments couple with FM spins and create localized sites of 
unidirectional interfacial energy. The net average non-zero interfacial energy is larger 
when it is taken over small site. However, random field model is designed for single 
crystal AF systems and the argument for the density of uncompensated spins is not 
clear yet. 
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2.2.4 Critical parameters in the exchange bias  
2.2.4.1 FM-AFM interface 
 
Figure 2.4 Schematic of the ideal FM/AFM interface. The FM and 
AFM layers are single crystal and epitaxial with an atomically smooth 
interface. The interfacial AFM spin plane is a fully uncompensated 
spin plane. For this ideal interface, the calculated value of the full 
interfacial energy density is about two orders of magnitude larger than 
the experimentally observed values.9, 10  
 
 
Figure 2.5 Interfacial complexities of a polycrystalline 
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FM(metal)/AFM(oxide) interface. In this figure, the interfacial spins 
prefer to align ferromagnetically. The X marks identify the frustrated 
exchange bonds, i.e. the interfacial spins that are coupled 
antiferromagnetically. The interfacial region can have a high degree 
of stress since metals and oxides often have very different lattice 
parameters. Dislocations (represented by the dashed line) can form 
during film growth to relieve the stress. 
Exchange bias is a result of the unidirectional anisotropy which is closely related to 
the interfacial exchange coupling, Jex. Jex is maximum in the ideal FM/AFM interface 
with fully uncompensated spin (figure 2.4). While, in the real case, there are various 
origins of interfacial complexities (figure 2.5).9, 10 Therefore, the interface status, 
especially the interface at FM and AFM layer is believed to be critical for determine 
the exchange bias characterizes.  
Roughness in the form of interfacial atomic steps could produce neighboring 
antiparallel spins and there by reduce the number of interfacial uncompensated spins. 
Most investigations of the roughness role on exchange bias in textured thin films 
seem to agree that the magnitude of Hex decreases with increasing interface 
roughness.11 - 15 These results can be understood that, the roughness creates areas of 
different spin orientation, thus the total number of spins pinning the FM in one 
direction is reduced, concomitantly reduce the magnitude of Hex.  
 
2.2.4.2 Anisotropy 
Strong anti-ferromagnetic anisotropy, KAFM, is a critical condition for observing 
the exchange bias. This has been confirmed both theoretically and experimentally. 16 
- 18 For an AFM layer with high anisotropy, the interfacial AFM spins are strongly 
coupled to the AFM lattice. They will not be substantially rotated out of their 
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alignment direction by fields applied at the temperatures below the blocking 
temperature. Since the localized uncompensated AFM spins are coupled to FM spins 
at the interface, they exert a strong torque on these FM spins, tending to keep them 
aligned in the direction of the cooling field. This results in the shift in the hysteresis 
loop.  
FM anisotropy in the exchange bias system with in-plane anisotropy is usually 
negligible small as confirmed experimentally,19 however, due to the much stronger 
anisotropy energy existing in the perpendicular anisotropy system, as well as its 
closely relationship with the interfacial exchange coupling,20 the FM anisotropy in the 
perpendicular exchange bias system plays a significant roll. 
 
2.2.4.3 Thickness dependence 
The dependence of Hex on the AFM thickness is complicated. The general trend is 
that when the thickness of AFM layer is thicker than a critical value, Hex is 
independent of the thickness of the AFM layer. As the AFM thickness is reduced, Hex 
decreases abruptly and finally reduces to zero. This trend is shown in Figure 2.6. The 
exact critical thickness, at which the different stages taken place, depends on the 
specific system, its microstructure and the measurement temperature. 21 - 24 The 
decrease of the Hex for thin enough AFM layers is mainly due to the weak AFM 
anisotropy existing in the AFM layer, violating the critical condition for the exchange 
bias ( INTAFMAFM JtK ≥ ). Low blocking temperature for thin AFM layer is 
another important factor affecting the Hex. 
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Figure 2.6 Dependence of exchange bias Hex with the AFM 
layer thickness for FeNi/FeMn at a fixed tFM = 7nm. 25 
Exchange bias is the result of an interface effect. Hex has been observed to be 
roughly inversely proportional to the thickness of the FM layers for almost all of the 
studies.26 - 28 
1
ex
FM
H
t
∝                           (2.5) 
This relation holds for rather thick FM layers, as long as the thickness is smaller 
than the FM domain wall size. However, if the FM layer is too thin that it can not 
form a continuous film, this result is not valid. The thickness at which this occurs 
varies from system to system and depends on the microstructure and growth of the 
FM layer.  
 
2.2.4.4 Other factors 
Exchange bias is a complicated physical phenomenon, the physical origin of which 
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has not been fully uncovered yet. Except for those have been mentioned, there are still 
many factors would affect the exchange bias characterizes, such as the domain size, 
the grain size and so on.   
Hex is believed to be decreased with the increase of the domain size. This can be 
understood from the interface random field energy, which is expressed as  
2/1/ NJ AFMFMAFMFM −− −=σ                 (2.6) 
where JFM–AFM is the exchange constant of the FM–AFM coupling and N is the 
number of AFM moments at the FM–AFM interface. N can be further expressed as  
2)/( aDN AFM= ,                       (2.7) 
where DAFM is the domain size of the AFM layer and a is the distance of the AFM 
spins. Therefore, the relation between the interface random field energy and the 
domain size of AFM layer can be expressed as 
AFMAFMFMAFMFM aDJ /−− −=σ                 (2.8) 
which explains the decrease of Hex with the increase of AFM domain size. 29 
The role of the grain size of AFM layer in exchange bias remains unclear. The 
result of the different studies seems to depend on the specific system and conditions. 
Hex is reported to increase with increasing grain size for some system, 30 - 32while 
other studies shows an opposite trend. 33 - 35 It seems that, the role of the grain size is 
related not only to the change in its size, but also to the other microstructure and 
magnetic properties, such as the degree of texture, the spin structure as well as the 
AFM anisotropy. 36 - 38 
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2.2.5 Experimental findings 
Since Meiklejohn and Bean report the first observation of exchange bias in 
Co/CoO system in 1956, the pace of activity involving FM/AFM exchange couples 
has greatly increased due to its extremely useful application in the information storage 
industry. The exchange bias effect was observed in a variety of systems containing 
FM/AFM interfaces, such as inhomogeneous materials, 2, 39 particles 1, 2, 4 and FM thin 
films on AFM single crystals40, 41 and thin films.39, 42, 43 In addition to FM/AFM 
interfaces, exchange bias and related effects have also been observed in other types of 
interfaces, involving ferrimagnets, 44 , 45  as well as diluted magnetic 
semiconductors.46- 49 
With the first observation of perpendicular exchange bias in FeF2-CoPt 
heterogeneous structured system, 50 PEB has attracted more and more attention by 
many research groups in the worlds due to its application in perpendicular exchange 
biased spin-valves for spintronics and magnetoelectronics, such as perpendicularly 
magnetized magnetic random access memories (MRAM) and ultra high density 
magnetic sensors in this decade. 51, 52 The main reason is that the PEB based giant 
magnetoresistance (GMR) or tunneling magnetoresistance (TMR) spin-valves are 
expected to provide technically promising properties such as high thermal and 
magnetic stabilities, and a lower device operating current density, that will allow the 
realization of extremely low dimensional and high reliability devices. 53, 54  
Enormous research efforts have been made on the improvement of the PEB 
characteristics since the last decade. Some groups have been famous becuase of their 
CHAPTER 2                                                              LITERATURE REVIEW 
 26 
researches on the PEB between [Pt (or Pd)/Co (or CoFe)] and IrMn (or FeMn), which 
is also the focus of this thesis, such as B. Dieny F. Garcia and J. Sort et. al. from 
France, J. M. D. Coey and S. Van Dijken et. al. from Ireland, and K. M. Krishnan and 
X. Ji et. al. from US. They have tried various attempts to improve the PEB 
characteristics, including variation of the structure as well as each layer thickness for 
the multilayer structure to optimize the PEB, 55 - 58 studying the magnetic relaxation 
mechanism in both descending and ascending branch of the loop, 59 investigating of 
the temperature dependence of the magnetic properties, 60, 61  optimization of the 
seed layer and the deposition conditions, 62 - 64 insertion of a Pt spacer between 
Co/IrMn interface to enhance the perpendicular anisotropy. 65 - 67  However, PEB 
still faces the critical challenge relevant to the small exchange bias field (Hex) and 
larger coercivity (Hc) which limit its application in a variety of spintronics devices.  
 
2.3 Perpendicular magnetic anisotropy 
Perpendicular magnetic anisotropy (PMA) refers to the phenomenon of changing 
the preferential direction of the magnetization from the commonly observed in-plane 
orientation to the direction perpendicular to the plane.  This phenomenon is 
particularly important for the information storage and retrieval applications. 68 PMA is 
interesting for their high anisotropy constant allowing it to overcome the 
demagnetization field of the thin film geometry, as well as for their myriad of 
potential applications. PMA materials are most commonly studied for applications in 
magneto-optical (MO) recording and perpendicular HDD media. PMA has been 
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observed in multilayers based on rare-earth transition metal (RE-TM) alloys such as 
TbFeCo and GdFeCo, alloys such as CoCr, CoPt, FePt, and multilayers based on 
Co/Pt and Co/Pd bilayers, 69 - 76 where Co/Pt and Co/Pd bilayers are the focus of this 
thesis.  
For the last few decades, several studies and reviews on the origin of perpendicular 
anisotropy in various kinds of multi-layers combined of Co, Fe and Ni with Pd, Pt, Au, 
Cu and Cr have been made. 68, 77 - 81 The effective PMA of these materials has been 
generally considered to be mainly contributed by crystalline and stress induced 
anisotropy (also called “surface anisotropy” or “interface anisotropy”) expressed as 
Eq. (2.9), 
2
,,,, 2)/2( sFMsecrystallinFMsurfaceFMbulkFMeffFM MtkkKKK π−+=+=   
(2.9) 
Where KFM,bulk is bulk anisotropy, KFM,crystalline is crystalline anisotropy, ks is 
surface anisotropy constant, Ms is FM magnetization. 
In the case of multi-layered thin films, both crystalline and stress-induced 
anisotropy contribute to generating the perpendicular anisotropy. As the magnetic 
layers in these multi-layered structures become thinner, the contribution of surfaces 
and interfaces (also called “interface anisotropy”) become dominant in generating the 
perpendicular anisotropy compared to the crystal structures (bulk properties). It has 
been demonstrated that smoother interface gives rise to a higher interfacial 
perpendicular anisotropy. The interface anisotropy can be several orders of magnitude 
larger than crystalline anisotropy and leads to aligning the net magnetization in the 
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perpendicular direction. In the Co/Pd or Co/Pt bilayer systems, due to the lattice 
mismatch between Co and other metals, Co layer suffer a tensile strain at the Co/Pd or 
Co/Pt interface. This is directly relevant to the stress-induced anisotropy, and it 
attributes to the enhancement of the perpendicular anisotropy as the magnetostriction 
coefficient of Co (λCo < 0 ).  In addition, the strong crytalline texture associated with 
crystalline anisotropy of Co - Pd or Pt mixture coherently formed at the interfaces of 
the multi-layered structures contributes to the perpendicular anisotropy. 
One of the most important properties of perpendicular anisotropy materials is that 
it can be scaled down to sub-micron or even nano-meter dimensions with high 
magnetic and thermal stabilities. Figure 2.7 provides a comparison between in-plane 
and PMA materials using magnetic force microscopy (MFM) images of patterned 
NiFe and GdFe/FeCo images with an aspect ratio of 1, from the earliest report of a 
perpendicular anisotropy MTJ by Nishimura et al. from Canon in 2002.82 For the 
in-plane 0.5x0.5 µm NiFe element, a flux-closed "flower pattern" remanent state 
resulting from vortex magnetization was observed. 83, 84 On the other hand, the 
perpendicular GdFe/FeCo layer exhibited uniform perpendicular magnetization even 
for the smaller 0.3×0.3 µm pattern.  
Actually it has been observed that the uniform single domain magnetization exists 
in patterned Co/Pd multilayers down to 30 nm diameter dots. 85, 86 This proves that 
magnetoresistive devices based on magnetic layers with PMA are much more stable 
and indeed scalable far beyond in-plane devices. 
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Figure 2.7 Magnetic-force microscopy images for the in-plane 
magnetization 40-nm-thick 0.5 mm x 0.5 mm square NiFe element 
(top) and perpendicular magnetization 100-nm-thick square GdFe/ 
FeCo elements; 0.5 mmx0.5 mm, and 0.3 mmx0.3 mm (bottom) at 
zero field. 
 
2.4 Magnetostriction and the effects of stress 
2.4.1 Magnetostriction effect 
The magnetostriction refers to a phenomenon that the dimension of a substance is 
changed when it is exposed to a magnetic field. This phenomenon is discovered by 
Joule in 1842, who found that an iron rod increased in length when it was magnetized 
lengthwise by a weak field. The process of magnetization occurs by two mechanism, 
domain wall motion and domain rotation, and most of the magntostrictive change in 
length usually occurs during domain rotation. The strain which represent the fraction 
change in length of the substance is given by a special symbol, λ, which is also called 
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“magnetostriction coefficient”. The value of λ can be positive, negative, or, in some 
alloys, zero. It depends on the extent of magnetization and hence on the applied field. 
In a crystal structures, the value of λ might be different for different crystal axis. 
 
2.4.2 Magnetostriction of single crystal 
When an iron single crystal is magnetized to saturation in a [100] direction, the 
length of the crystal in the [100] direction is found to increase. From this, it is infer 
that the unit cell of ferromagnetic iron is not exactly cubic, but slight tetragonal, 
where a tetragonal cell has three axes at right angles; two are equal to each other, and 
the third is longer or shorter than the other two. 87 If the saturated crystal is longer in 
its magnetization direction than the demagnetized crystal, the single domain which 
comprises the saturated crystal must be made up of unit cells which are slightly 
elongated in the direction of the magnetization vector.  
This is also applied to each separate domain in the demagnetized state. Figure 2.8 
depicts this state in terms of four sets of domains, [100], [-100], [010], and [0-10]. 
Unit cells are shown by dashed lines; their tetragonality is enormously exaggerated 
and so is their size relative to the domain size. The cells are longer in the direction of 
their local magnetizations, therefore, when the region originally occupied by, say, a 
[0-10] is replaced by a [100] domain, the region will expand in the [100] direction and 
contract in the other directions, by the mechanism of wall motion.  
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Figure 2.8 Magnetostriction of an iron crystal in the [100] direction88 
2.4.3 Physical origin of magnetostriction effect 
The physical origin of magnetostriction is spin-orbit coupling. This coupling is 
weakly responsible for crystal anisotropy. The relation between magnetostriction and 
spin-orbit coupling can be illustrated in Fig. 2.9, which is a section through a row of 
atoms in a crystal. 89 The black dots represent atomic nuclei, the arrows show the net 
magnetic moment per atom, and the oval lines enclose the electrons belonging to, and 
distributed nonspherically about, each nucleus. The upper row of atoms depicts the 
paramagnetic state above Tc. For the case when the spin-orbit coupling is very strong, 
the effect of the spontaneous magnetization would rotate the spins and the electron 
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cloud to the same direction due to the strong crystal anisotropy when the temperature 
goes below Tc. The magnetostriction would be ΔL’/L’. If a strong field is applied 
vertically, the spins and the electron clouds would rotate through 90, and the domain 
of which these atoms are a part would magnetostrictionly strain by an amount ΔL/L. 
However, the magnetostrictive strain produced in a domain or a crystal is usually very 
small.  
 
Figure 2.9 Mechanism of magnetostriction 
 
2.4.4 The effect of stress on magnetization 
The marked effects of applied stress on the magnetization behavior have been also 
observed in materials, such as polycrystalline nickel as shown in Fig. 2.10.  
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Figure 2.10 Effect of applied tensile (+) and compressive (-) stress 
on the magnetization of nickel.  
  
Figure 2.11 Effect of tension on the magnetization of a material with 
positive magnetostriction (λ > 0)  
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At a field H of 10 Oe, the specimen under a compressive stress of 10,000 lb/in2 
almost show double of permeability, while the same amount of tensile stress reduces 
the permeability to about one-tenth of the zero-stress value. Nickel is not unique in 
this respect. Materials are known in which the low-field permeability is change by a 
factor of 100 by an applied stress of the order of 10,000 lb/in2.90 
The effect of stress on magnetization is also called the inverse magnetostrictive 
effect, or simply as a magnetomechanical effect. The experimental results have shown 
that there is a close connection between the magnetostriction λ of a material and its 
magnetic behavior under stress.91 , 92 For example, it a material has a positive λ, it will 
elongate when magnetized; applied tensile stress (σ > 0), which tends to elongate it, 
will therefore increase the magnetization, and applied compressive stress (σ < 0) will 
decrease it. This is valid whether or not a field is acting, as long as the magnetization 
is not zero.  
Fig. 2.11 illustrates the effect of tension on the magnetization of a material with 
positive magnetostriction.  If a field H1 can produce a magnetization of A at zero 
stress, then the magnetization will raise to B if the tensile stress (σ > 0) is applied at 
the same magnetic field. The magnetization in the remnant state will also increase 
from C to D with a tensile stress applied.  
In the absence of stress, the direction of M is controlled by crystal anisotropy, as 
characterized by the anisotropy constant, K. When a stress is acting, the direction of 
M is controlled by both σ and K. Therefore, two quantities are involved in the 
expression of the energy for a crystal,  
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where K is the anisotropy constant, λ is the magnetostriction coefficient, σ is the 
stress in the layers, α1, α2, α3, are the direction cosines of the saturation magnetization, 
and γ1, γ2, γ3 are the direction cosines of σ. The first term is the crystal anisotropy 
energy, Ecrys, the second and the third term are composed of magnetoelastic energy 
Eme (E = Ecrys + Eme). By assuming that the magnetostriction is 
isotropic )( 111100 siλλλ == , the last two terms can be simplified as Eq. (2.11),  
θσλ 2cos
2
3
simeE −=                          (2.11) 
Where, θ is the angle between σ and Ms. From Eq. (2.11), considering the energy 
minimization, it is noted that the way in which a material responds to stress depends 
only on the sign of the product of λ and σ. A material with positive λ will behaves the 
same as the one with negative λ under compression.  
In the Co/Pd or Co/Pt bilayer system, the contribution of the stress to the 
enhancement of the perpendicular anisotropy is significant. Thus, tailoring the stress 
of the thin film would be a effective method to control the perpendicular anisotropy as 
well as the PEB characteristics. Several experimental methods have been used to 
modify the stress in the multilayer system. Verification of the sputtering deposition 
conditions of the magnetic thin film, such as Ar working gas pressure, Rf power 
density, as well as bias voltage, have been proven to be effective methods to modify 
the intrinsic stress in the magnetic thin film. 93, 94 Other than that, some researchers 
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also tried to change the stress by applying a large persistent in-plane biaxial stress to 
influence the perpendicular magnetic anisotropy of the magnetic thin film. 95 By using 
these methods, the magnetostriction effect, as well as the effect of the stress on the 
PEB can be well studied. 
 
2.5 Giant magnetoresistance (GMR) behavior in spin-valves  
 
Figure 2.12 Magnetoresistance of Fe/Cr superlattices. Both 
the current and the applied field are along the same [110] 
axis in the film plane. 96  
The study on surface magnetism and magnetic interactions across an ultrathin 
antiferromagnetic or nonmagnetic spacer lead to the discovery of giant 
magnetoresistance in Fe/Cr superlattices. 96 As shown in Fig. 2.12, the resistance of 
such superlattice structure is high at zero field, decreases when a magnetic field is 
applied in both directions along the sample surface, and finally saturates at a field Hs 
of about 2 T. The MR ratio of superlattices with an [Fe(3 nm)/Cr(0.9 nm)] × 60 
structure was measured to be about 45% at 4.2 K. The resistance of the superlattice 
structure depends on the relative orientation of the magnetization of the adjacent 
magnetic layers.  
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Fig. 2.13 Schematic of resistor model for GMR effect in (a) parallel, 
and (b) antiparallel configurations 
The mechanism of GMR can be understood using the simple two-current model.97 
In this model, the electrical conduction of ferromagnetic materials is considered 
carried out by two independent channels of spin-up and spin-down electrons. Due to 
the different density of states distribution of spin-up and spin-down electrons near the 
Fermi level, the mean-free path for spin-up electrons is normally larger than that of 
spin-down electrons due to the larger scattering probability of s electrons to 
spin-down d-electron states. When all of the magnetic layers are ferromagnetically 
exchange coupled, the spin-up electrons will experience less scattering when they 
cross the nonmagnetic layer entering other magnetic layers within the spin-diffusion 
length, which is normally larger than the mean-free path. The parallel and antiparallel 
resistance can be expressed as Eq. (2.12), 
2
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R
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R APP             (2.12) 
Accordingly, the GMR can be defined by Eq. (2.13),  
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Soon after GMR effect is reported, it has been used on the research on read sensors. 
In 1991, spin valve is invented by IBM. 98 - 100 A typical spin valve in its simplest 
form consists of two ferromagnetic layers separated by a nonmagnetic spacer and an 
antiferromagnetic (AFM) layer in contact with one of the ferromagnetic layers. The 
thickness of the spacer is chosen such that there is little exchange coupling between 
the two FM layers. The magnetization of one of the FM layers which is in direct 
contact with the AFM layer is “pinned” by the latter, and thus this FM layer is 
commonly called a pinned layer. On the other hand, the magnetization of the other 
FM layer is free to rotate to respond to an external field, and thus it is called a free 
layer. There are various of spin vale developed to improve the GMR signals, 
including pseudo SV, exchange biased spin SV, synthetic SV, specula SV, specular 
SV with nano-oxide layer, advanced single SV, dual SV, etc.. 101 - 110 Using some or 
all of these techniques, practical GMR HDD read sensors have been able to achieve 
GMR signals of up to around 20%.111 
 
2.6 Summary 
This chapter presents the main theoretical concepts and reviews past studies which 
provide a theoretical framework and background for the experimental work that is 
presented in subsequent chapters. Firstly, a detailed study on the basic phenomena as 
well as the physical nature of exchange bias effect is presented. A review on the 
experimental achievements in the exchange bias characteristics, especially the 
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exchange bias characteristics with the perpendicular anisotropy is done. Next, an 
introduction of the physical origin and the advantages of perpendicular anisotropy in 
the multilayers is presented. Thereafter, the magnetostriction, the effects of stress on 
the magnetic layers and its applications are presented. Finally, it is followed a brief 
revision of giant magnetoresistance (GMR) and spin valve. 
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CHAPTER 3   EXPERIMENTAL TECHNIQUES 
 
3.1 Introduction 
This chapter presents the sample preparation process as well as a detailed overview 
of the sample preparation and characterization techniques used in this thesis. §3.2 
described the experimental process to prepare the [Pd/Co]5/FeMn based PEB thin films. 
Various characterizing techniques used for analyzing the magnetic properties and the 
microstructure are described in §3.3, including vibrating sample magnetometer (VSM), 
extraordinary Hall Effects (EHE) measurement system and magnetic force microscopy 
(MFM) which have been used for characterizing the magnetic properties of the PEB thin 
films; atomic force microscope (AFM), x-ray diffraction (XRD), cross sectional 
transmission electron microscopy (XTEM), scanning electron microscope (SEM) which 
have been used for microstructural analysis. 
 
3.2 Deposition techniques 
3.2.1 Sputtering deposition 
The thin films studied in this thesis have been deposited using a sputtering system. 
Sputter deposition is one of the most widely used techniques for the fabrication of 
thin-film structures on the wafers. During sputtering, charged ions in the Ar plasma 
diffuse into the Crookes dark zone, acquire virtually all the energy from the voltage drop, 
and hit the cathode (target) surface. The momentum of the Ar ion is transferred to the 
target material through phonon interactions resulting in the ejection of one or more atoms 
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from the surface of the target. The ejected atom is neutral and flies through the plasma 
and lands on the wafer.1 A typical diagram of a sputtering system is shown in Figure 3.1. 
 
 
Figure 3.1 Schematic illustration of a sputtering chamber and sputtering process2 
 
In a sputtering system, it is very important to increase the ion bombardment rate on 
the cathode so that a reasonable deposition rate can be achieved. This can be achieved 
through increasing the production of secondary electron production by the target which 
will lead to an increase in ionization rate and an improvement in the sputtering rate. The 
production of secondary electron is related to the incident energy and mass of the 
bombarding particle. At relatively low energies, the incident particles do not have 
adequate energy to break the atomic bonds of the surface atoms, and the bombardment 
process could result in only the desorption of a few lightly bound gas atoms, perhaps 
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inducing a chemical reaction at the sample surface, or nothing at all. At relatively high 
incident energies, the bombarding particles travel deeply into the bulk of the substrate 
and may cause deep-level disruptions in the physical structure. At moderate energies, 
typically in the range from several hundred eV through several keV, the incident particle 
can cause substantial numbers of near-surface broken bonds, atomic dislocations, and 
ejection or sputtering of atoms.  
In sputter deposition, the parameter most widely used to characterize the sputtering 
rate is the yield S, which is simply the ratio of the number of emitted particles to the 
number of incident ones. The yield is an average number, including not only the emission 
rates from a number of different crystalline orientations, but, on the atomic scale, a 
number of different impact points for the incident particles. In a moderate-energy range 
of interest, the yields for Ar+ bombardment of most materials range from 0.1 to about 5, 
with the majority of materials in the 0.5-2 range. The yields are energy-dependent in a 
roughly linear fashion. It is this near-linear dependence of the yield that makes sputter 
deposition roughly power-dependent. Since the rate of sputtering (and sputter deposition) 
scales directly with the bombarding flux (i.e, current), the near-linearity of the sputtering 
yield with voltage leads to the essentially linear relation between the deposition rate and 
the discharge power.  
In this thesis, the magnetic thin films were deposited on the clean n-type Si (100) 
wafer, which is cleaned before deposition to avoid the oxidation and contamination on 
the surface. The detailed cleaning process is that, firstly soaking the sample in acetone for 
half hour, followed by IPA for another half hour, finally is the DI water. The whole 
cleaning process is done with assistance of ultrasonic machine to achieve maximum 
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efficiency. The samples are then loaded on a rotating substrate holder in the sputtering 
system to improve the film uniformity. A low base pressure (<3 x 10-7 Torr) was used to 
reduce the contamination particles from the sputtering chamber. The Ar working pressure 
of 2 mTorr was used for most of the materials unless specified in the particular sections, 
it is to obtain a moderate sputtering rate while maintaining the thin film quality. 
Following is a list of the sputtering condition and sputtering rate for the materials used in 
this thesis work. 
Material Ar pressure 
(mTorr) 
Power  
(W) 
Sputtering Rate 
(Å/s) 
Co 2 50 0.28003 
Ta 2 50 0.6125 
Pd 2 50 0.6355 
Cu 2 50 0.6588 
FeMn 2 75 0.1472 
 
Table 3.1 the sputtering condition and sputtering rate for various 
materials used in this thesis 
 
3.3 Characterization techniques  
3.3.1 Vibration sample magnetometer (VSM)  
Vibration sample magnetometer (VSM) is the most widely used magnetometer for 
characterizing large-area magnetic materials, via hysteresis loop measurement, using the 
induction technique.3 The hysteresis loop is obtained by mapping the magnetization of 
the sample with respect to an externally applied magnetic field. The detection of the 
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sample magnetic properties is based on the Faraday’s Law of induction: the induced 
voltage is proportional to the rate of the change of the magnetic flux through a coil.  
 
 
Figure 3.2 (a) EV5 VSM (b) A schematic illustration of a typical VSM 
 
In this thesis, the magnetic properties of the PEB thin films are measured using a 
model EV5 VSM from Digital Measurement System (fig. 3.2 (a)). The sensitivity of the 
VSM is in the order of 10-5 emu. Fig. 3.2 (b) shows a schematic illustration of a typical 
VSM. A uniform magnetic field up to 1.4 Tesla is generated using the electron-magnets. 
The sample is suspended using a temperature insensitive holder in between the 
electromagnets and vibrated at a constant frequency ω in a vertical direction driven by a 
resonator. Since both the electromagnets and the magnetic samples are responsible for the 
magnetic flux through the pick up coils, a magnetic flux change occurs due to the 
(a) (b) 
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oscillations of the sample. This flux change in the gap induces an alternating current in 
the pick up coils according to Faraday’s law of induction,4 with an effective voltage given 
by,  
U=kωM                                (3.1) 
Where M is the magnetic moment of the sample, and k is a coefficient determined by 
the calibration of a nickel standard sample. The induced ac voltage is detected and 
amplified using a lock-in amplifier, and then mapped to a magnetic moment of the 
sample using the experimental calibration parameters. 
 
3.3.2 Extraordinary Hall effect measurement system  
The Hall effect is the production of a voltage difference (the Hall voltage) across an 
electrical conductor, transverse to an electric current in the conductor and a magnetic 
field perpendicular to the current. In ferromagnetic materials (and paramagnetic materials 
in a magnetic field), the Hall resistivity includes an additional contribution, known as the 
extraordinary Hall effect (EHE), which depends directly on the magnetization of the 
material, and is often much larger than the ordinary Hall effect. EHE is sensitive to the 
out-of-plane magnetization component and, compared to the surface-sensitive 
magneto-optical methods, EHE is equally sensitive to all bulk spins. 5,6 In this thesis, 
EHE measurement system is used to investigate the magnetic properties of the nanoscale 
[Pd/Co]5/FeMn based PEB devices. 
 
3.3.3 Scanning Probe Microscopy 
Scanning Probe Microscopy (SPM) is a branch of microscopy, which use a physical 
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probe to scans across the sample surface and record the probe-sample interaction. By 
using an atomically sharp probe, the resolution is no longer restrained by the wavelength 
of light or electron. The atomic-level resolution and 3-D image of the sample can be 
easily obtained. The primary forms of SPM are scanning tunneling microscope and 
atomic force microscope. Other variants of the SPM are the magnetic force microscopy 
(MFM), lateral force microscopy, force modulation microscopy etc. In this thesis, Digital 
InstrumentTM 3100 SPM system (fig. 3.3 (a)), which is capable of both AFM and MFM 
measurements, was used. 
 
3.3.3.1 Atomic force microscopy  
Atomic force microscopy is a very high-resolution type of SPM, with demonstrated 
resolution on the order of fractions of a nanometer, more than 1000 times better than the 
optical diffraction limit. It is one of the foremost tools for imaging, measuring, and 
manipulating matter at the nanoscale.  
As shown in the schematic of a typical atomic force microscopy measurement in Fig. 
3.3 (b), the atomic force microscopy consists of a cantilever with a sharp probe at its end 
that is used to scan the sample surface. The cantilever is typically silicon or silicon nitride 
with a tip radius of curvature on the order of nanometers. When the tip is brought into 
proximity of a sample surface, van der Waals forces between the tip and the sample lead 
to a deflection of the cantilever according to Hooke's law. Typically, the deflection is 
measured using a laser spot reflected from the top surface of the cantilever into an array 
of photodiodes. In this thesis, Atomic force microscopy measurement is used for 
investigate the surface topology for the PEB thin films, including the surface roughness, 
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grain size etc. 
      
(a)                     (b) 
Figure 3.3 (a) Digital InstrumentTM 3100 SPM system  (b) A schematic of a typical 
atomic force microscopy measurement 
 
3.3.3.2 Magnetic force microscopy 
Magnetic force microscope (MFM) is a variety of atomic force microscope, where a 
sharp probe coated with a ferromagnetic thin film is scanning the magnetic sample; the 
spatial variation of the magnetic field are detected and used to reconstruct the magnetic 
structure of the sample surface. The system operates in non-contact mode, detecting 
changes in the resonant frequency of the cantilever induced by the magnetic field's 
dependence on tip-to-sample separation. MFM can be used to image naturally occurring 
and deliberately written domain structures in magnetic materials. A major problem in 
MFM is the separation of the magnetic image from the topographical data. To obtain a 
good image, the magnetic measurements are carried out by a two-pass technique, 
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LiftModeTM.7 In the first pass, the topography of the sample is determined in the tapping 
mode using the cantilever oscillation amplitude as feedback. In the second pass, the 
cantilever is lifted by a selected height offset, large enough to eliminate the atomic force, 
and the sample is scanned using the stored topography information. In this thesis, the 
MFM images are taken to investigate the magnetic domain status for PEB thin films and 
nanoscale devices. The cantilever is raised to a height varied from 40 ~ 80nm after the 
first pass depending on the magnetic signals. 
 
3.3.4 Scanning electron microscope (SEM)  
 
Figure 3.4 Schematic of the sample-electron interaction 
Scanning electron microscope (SEM) is a very important and powerful analysis tool 
for imaging structures ranging from the millimeter to the manometer scale. Due to the 
extremely small wavelength of the highly accelerated electrons, the SEM can resolve 
features down to the nanometer regime. The interaction between the electron beam and 
the sample surface, give rise to different particles and waves, carrying information about 
the sample, as shown in Fig 3.4. For example, Auger electrons and X-rays carry 
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characteristic energy and can be used for element identification, secondary electron 
intensity provides topographical information, whereas back scattered electron enable 
material with different atomic number to be distinguished. 
A JSM 6700F SEM from JEOL was used to study the profile of the fabricated 
structures through the detection of secondary electrons.8 The secondary electrons are 
usually emitted from the first few nanometers of the sample. The electron beam is 
generated by a field-emission gun. The working pressure of the chamber is maintained to 
below 10-7 Torr, to avoid ion bombardment on the electron gun and also to minimize the 
electron scattering. During measurements, the electron probe which is controlled by 
scanning magnetic coils scans the sample. To obtain the topographical information, a 
detector consisting of a scintillator and a photomultiplier is used to detect the secondary 
electrons emitted from the sample surface. 
 
3.3.5 Transmission electron microscopy (TEM) 
Transmission electron microscopy (TEM) is an indispensable analytical tool used 
for material and failure analysis of semiconductor devices. TEM provides for the 
visualization of the internal structure of samples by the use of transmitted electrons. It is 
the most direct means of observing the sub-micron structures. As electrons have a much 
smaller wavelength than visible light, microscopy that uses electrons offers a much 
greater (5,000 times) resolving power than light microscopy. However, because electrons 
need to be transmitted through the TEM samples, these samples must be very thin and 
they must be placed in vacuum inside the instrument. In addition, sample preparation in 
TEM is also a destructive process as the sample would be destroyed after the experiment. 
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Figure 3.5 Different imaging techniques used in TEM. (a) Bright 
field, (b) Dark field and (c) Multiple beam interference imaging. 
 
In TEM, the bright field and the dark field imaging methods are generally used. In 
bright field imaging, the objective aperture is placed such that only the center electron 
beam can pass through and the diffracted beam is screened off. As such, only the center 
beam forms the image and the background of the image is bright, as shown in Figure 
3.5(a). But in dark field imaging, the objective aperture is placed such that the center 
beam is blocked off. Thus only the diffracted beam forms the image, as shown in Figure 
3.5(b). However, in high-resolution transmission electron microscopy (HRTEM), 
multiple beam interference imaging is used, as shown in Figure 3.5(c).9 In this thesis, the 
TEM was used for investigating the crystalline structure and the interface roughness of 
the PEB thin films. 
 
3.3.6 X-ray diffraction (XRD) 
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X-ray diffraction (XRD) is a versatile, non-destructive technique that reveals 
detailed information about the chemical composition and crystallographic structure of 
natural and manufactured materials. A crystal lattice is a regular three-dimensional 
distribution (cubic, rhombic, etc.) of atoms in space. These are arranged so that they form 
a series of parallel planes separated from one another by a distance d, which varies 
according to the nature of the material. For any crystal, planes exist in a number of 
different orientations - each with its own specific d-spacing. When a monochromatic 
X-ray beam with wavelength lambda is projected onto a crystalline material at an angle 
theta, diffraction occurs only when the distance traveled by the rays reflected from 
successive planes differs by a complete number n of wavelengths. By varying the angle 
theta, the Bragg's Law conditions are satisfied by different d-spacings in polycrystalline 
materials. Plotting the angular positions and intensities of the resultant diffracted peaks of 
radiation produces a pattern, which is characteristic of the sample. Where a mixture of 
different phases is present, the resultant diffractogram is formed by addition of the 
individual patterns. Based on the principle of X-ray diffraction, a wealth of structural, 
physical and chemical information about the material investigated can be obtained. A 
host of application techniques for various material classes is available, each revealing its 
own specific details of the sample studied. In this thesis, XRD technique has been used to 
investigate the crystalline structure of the PEB thin films. 
3.4 Summary 
In this chapter, the sample preparation process as well as various fabrication and 
characterization techniques used in this thesis are presented. All the samples studied in 
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this thesis were deposited using sputtering technique. SPM, SEM, TEM, XRD and other 
characterization techniques are used to investigate the microstructure and magnetic 
properties of the samples in this thesis.  
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CHAPTER 4   A PHYSICAL MODEL OF EXCHANGE 
BIAS IN [Pd/Co]5/FeMn THIN FILMS WITH 
PERPENDICULAR ANISOTROPY 
 
4.1 Abstract 
This chapter presents a physical model of the perpendicular exchange bias (PEB). 
The model was established from the total energy equation per unit area of an 
exchange bias system by assuming a coherent rotation of the magnetization. The 
anisotropy energy of the anti-ferromagnetic (AFM) layer (KAFM×tAFM) that of the 
ferromagnetic (FM) multi-layers (KFM,eff×tFM), and the interfacial exchange coupling 
energy (Jex) were considered to be primary physical parameters in the construction of 
the physical model of the PEB phenomenon. The PEB is a result of the energy 
competition between KAFM×tAFM, KFM,eff×tFM and Jex, where KAFM×tAFM ≥Jex is a 
critical condition for the observation of exchange bias in the system.1,2 In particular, it 
was revealed that Jex is directly relevant to the product of the perpendicular 
components of the FM and AFM spins at their interface: FMAFMexJ βα coscos ×∝ . 
The physical validity of the proposed PEB model was confirmed by considering 
different structures of exchange biased [Pd/Co]5/FeMn thin films with perpendicular 
anisotropy (the cross-sectional view as shown in Fig. 4.1). The proposed model will be 
helpful in the design and prediction of a new PEB system for advanced spintronics 
applications. 
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Figure 4.1 Cross-sectional view of a [Pd/Co]5/FeMn thin film structure 
4.2 Introduction and motivation 
Recently, as the demands for higher density, higher speed, and extremely 
low-dimensional metal based spintronics devices have grown enormously, the interest 
in the application of PEB to advanced spintronic devices has increased 
dramatically. 3-4 The main reason for this technical trend is the expectation that 
PEB-based giant magnetoresistance (GMR) or tunneling magnetoresistance (TMR) 
spin-valves can provide technically promising properties, such as high thermal and 
magnetic stabilities and a lower device operating current density, that will facilitate 
the development of extremely low dimensional and high reliability devices.5-6  
Studies on exchange bias systems with perpendicular anisotropy first started 
approximately one decade ago. Since then, the research efforts relevant to PEB have 
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mainly focused on the development of new metallic thin film PEB systems7 -10 and the 
improvement of PEB characteristics that are more suitable for advanced 
spintronics.11- 13 However, despite the investment of significant research efforts, PEB 
systems continue to face technical challenges, such as an undesirably large coercivity 
(Hc) and a small exchange bias field (Hex), that limit their application to a variety of 
spintronics devices. Perpendicular anisotropy systems differ from in-plane anisotropy 
systems in which the exchange-bias mechanism is well-understood.1,14,15 Current 
studies of PEB systems mainly focus on empirical methods,7-13 and the lack of 
well-established physical models has become a major bottleneck in overcoming these 
scientific challenges. Therefore, the development of a physical model for PEB 
systems that can elucidate the underlying physics and predict the physical parameters 
that would more effectively influence the adjustment of the PEB characteristics is the 
most urgent issue for the rapid extension of the application of PEB to a wider range of 
spintronics devices. 
 
4.3 Theoretical model 
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(a) 
 
(b) 
Figure 4.2 (a). Schematic diagram of the angles and magnetizations 
involved in a PEB system. Note that the AFM and FM anisotropy axes are 
assumed to be collinear (b) FeMn 3Q sub-lattice spin structure  
 
The proposed physical model for the PEB characteristics was approached from the 
total energy equation of the system. A coherent rotation model was adopted for 
switching in the [Co/Pd]n polycrystalline bilayers. This assumption was based on the 
CHAPTER 4                              A PHYSICAL MODEL OF PEB IN [Pd/Co]5/FeMn SYSTEM 
 66 
previous study of [Co/Pd] bilayer thin films in which coherent rotation was the 
dominant magnetic switching mechanism.16 To understand the underlying physics of 
the PEB system, it is clearer to compare it with the conventional in-plane exchange 
bias system. The energy per unit area of an exchange bias system with in-plane 
anisotropy is expressed in terms of the anisotropy energies of the AFM layer 
(KAFM×tAFM), the FM layer (KFM,eff×tFM) and the interfacial exchange coupling 
energy (Jex), as given by Eq. (4.1)1,2,17 
( )αβαββθ −−++−−= cossinsin)cos( 22 INTAFMAFMFMFMFMFM JtKtKtHME  
(4.1) 
In this equation, H is the applied field, MFM is the saturation magnetization, MAFM is 
the uncompensated moment/unit area of the interface, tFM is the thickness of the FM 
layer, tAFM is the thickness of AFM layer, KFM is the anisotropy constant of FM layer, 
KAFM is the anisotropy constant of the AFM layer and JINT is the interface coupling 
constant. JINT is proportional to the exchange coupling strength when both the FM and 
AFM (sublattice) magnetizations are parallel to each other, as well as the number of 
uncompensated AFM spins at the FM/AFM interface. By considering Eq. (4.1) and 
assuming the spin structure (3Q structure model) of the γ-phase fcc (111) FeMn AFM 
layer as shown in Fig. 4.2 (b), the angles and the energy terms in a PEB system with 
FM multi-layers and FeMn AFM layer, each having a perpendicular anisotropies,  
can be illustrated, as shown in Fig. 4.2 (a). The AFM and FM anisotropy axes are 
assumed to be collinear and aligned in the perpendicular-to-the film direction (out of 
plane). As indicated in Fig 4.2 (a), β, α, and θ represent the angles between the 
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anisotropy axis and the FM magnetization, the uncompensated AFM moment/unit 
area exposed to the interface, and the applied field, respectively. In addition, from 
these viewpoints, it can be understood that the first term in Eq. (4.1) in a PEB system 
indicates the effect of the applied field on the FM multi-layers with perpendicular 
anisotropy, the second term is the effect of the FM anisotropy, the third term is the 
effect of the AFM anisotropy, and the last term accounts for the interfacial exchange 
coupling. The stable state of the system can be obtained by minimizing the energy 
equation with respect to α and β. The energy minimization with respect to α results in 
Eq. (4.2); 
         )sin(2sin αβα −= INTAFMAFM JtK                    (4.2) 
Theoretically analyzing the result appearing in Eq. (4.2) clearly demonstrates 
that the PEB system should satisfy the critical condition of KAFM×tAFM ≥  JINT to 
create the exchange bias as in the case of the exchange bias system with an in-plane 
anisotropy.1, 2  
In a general energy equation for an exchange bias system (Eq. (4.1)), the 
interfacial exchange coupling energy (Jex) is usually expressed as 
( )αβ −=•= cos)( INTAFMFMINTex JSSJJ

               (4.3), 
where JINT represents the interface exchange coupling constant, SFM and SAFM refer to 
the unit spin vectors of the FM and AFM layers at the FM/AFM interface, 
respectively. Therefore, for small α and β, we obtain,     
                    Jex  ≈  JINT cos α cos β  
)( ⊥⊥ ∗= AFMFMINT SSJ                       (4.4) 
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For an exchange bias system with an in-plane anisotropy, Jex is commonly accepted to 
be proportional to the cosine of the angle difference between the AFM (sublattice) 
and the FM magnetizations at the FM/AFM interface because all of the spins are 
aligned in the in-plane direction. However, the expression of Jex in a PEB system 
includes two spin component terms: (1) the perpendicular (out of plane) component 
and (2) the in-plane component. For a PEB system, the in-plane term is relatively 
negligible if the perpendicular anisotropy is strong (Eq. 4.4). This can be explained by 
comparing the induced (positive) perpendicular anisotropy and the shape anisotropy 
(negative perpendicular anisotropy) in the system. In a [Co/Pd]n 
perpendicular-magnetized thin film system, the induced perpendicular anisotropy is 
mainly contributed by the interface anisotropy (KFM,surface=2ks/tCo) due to the lattice 
mismatch between Co and Pd at the Pd/Co interfaces, and KFM,surface is inversely 
proportional to the Co layer thickness, while the shape  anisotropy is expressed as 
-2ПMs2 for rather thicker films, which is a result of the demagnetization energy that 
favors the in-plane direction. However, the shape anisotropy is originated from a 
dipolar interaction with long range character.  And when the thickness of the FM 
layer is reduced to only a few mono-layers (such as in this case where the Co 
thickness in each bilayer is only ~2.3A), the film should not, in principle, be 
considered as a magnetic continuum, but has to be treated as a collection of discrete 
magnetic dipoles on a regular lattice. Consequently, the magnitude of the dipolar 
interaction is of minor importance, and the interface anisotropy, which favors a 
perpendicular direction, appears to be dominant in the system. 18 
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In addition to this, the domination of perpendicular anisotropy in the [Pd/Co]5/Ta 
system could also be observed from the M-H loops of [Pd/Co]5/Ta multilayers 
where the magnetic field was applied along the in-plane and perpendicular direction 
of the thin film as shown in Figure 4.3. Based on elementary electromagnetic 
considerations which show that the energy needed to change the sample 
magnetization in an applied field H by an amount dM is given by μ0HdM, the 
effective magnet anisotropy energy, which equals to the difference between 
perpendicular and in-plane anisotropy energy, is given by the area enclosed between 
the in-plane, the perpendicular M-H loops and the magnetization axis, where the 
in-plane loop is extrapolated to intersect with perpendicular loop at saturation 
magnetization moment, Ms.  From Fig. 4.3, it is observed that the in-plane M-H loop 
show almost no hysteresis behavior. The extrapolated intersection point between the 
in-plane and perpendicular loop is estimated to be around 9 ~ 10kOe based on the 
in-plane M-H loop slope (< 0.1). This is much larger compared with the situation 
with a larger in-plane M-H loop slope and a resultant smaller in-plane and 
perpendicular M-H loops intersection point. Hence, the effective anisotropy energy 
(given by the area enclosed between the in-plane, the perpendicular M-H loops and 
the magnetization axis) is expected to be much closer to the perpendicular anisotropy 
energy, and the effect of in-plane anisotropy is negligible. Therefore, in the 
exchange biased magnetic thin films with perpendicular anisotropy, i.e. 
[Pd/Co]n/FeMn PEB thin films, the product of the perpendicular spin component of 
[Co/Pd]n and FeMn is dominant.  
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Figure 4.3 M-H loops of [Pd/Co]5/Ta multilayers where the 
magnetic field is applied alone in-plane (white) and perpendicular 
(black) direction of the thin film. 
In addition, Eq. (4.4) indicates that the improvement of the exchange bias coupling in 
a PEB system can be approached by enhancing the perpendicular magnetization 
component of either the [Co/Pd]n or that of the sublattice of the FeMn layer. By 
substituting Eq. (4.4) into Eq. (4.1), the total energy equation for a PEB system can be 
more accurately expressed by Eq. (4.5) shown below, where the interfacial exchange 
coupling term is modified by considering the product of the perpendicular 
magnetization components of the [Co/Pd]n and FeMn sublatice. 
αβαββθ coscossinsin)cos( 22 INTAFMAFMFMFMFMFM JtKtKtHME −++−−=      
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(4.5) 
To find the exchange bias field (Hex) and explore the physical parameters that 
significantly influence the physical characteristics of Hex in a PEB system, the energy 
minimization of Eq. (4.5) with respect to β was conducted, which gives: 
αββββθ cossincossin2)sin( INTFMFMFMFM JtKtHM +=−−       (4.6) 
In perpendicular exchange bias system, H lies along the perpendicular direction, and 
it is assumed that θ= ; therefore,  
αβ coscos2 INTFMFMFMFM JtKtHM +=              (4.7) 
Eq. (4.8) expresses the Hex obtained from the energy minimization, which 
indicates that the product of the perpendicular component of the [Co/Pd]n 
magnetization and FeMn spins (related to αcos  and βcos ) is crucial in determining 
the exchange bias in a PEB system. In particular, the ferromagnetic anisotropy (or 
anisotropy energy) KFM (or KFM×tFM) in a PEB system was revealed to be significant 
in determining the exchange bias characteristics because it directly contributes to the 
shift of the hysteresis loop, as described in Eq. (4.8) in the following:  
        
FMFM
FMFMINT
ex tM
tKJH βα cos2cos +=                   (4.8) 
The study in this thesis was developed from a simple and intuitive in-plane 
exchange bias model that assumes a single domain and coherent switching.1,17 Some 
other factors, such as the manner of domain nucleation and wall motion, were not yet 
included in this simple model study. However, these topics are interesting for 
consideration in follow-up studies of the model optimization. 
4.4 Sample preparation 
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To study experimentally the physical model of the PEB system, two different 
kinds of [Pd/Co]5/FeMn PEB systems and [Pd/Co]5-based magnetic multi-layers with 
perpendicular anisotropy, Si/Ta(2)/[Pd(0.6)/Co(0.23)]5/Fe50M n50(11.6 nm)/Ta, 
Si/Ta(2)/Fe50Mn50(11.6)/[Co(0.23)/Pd(0.6 nm)]5/Ta, and Si/Ta/[Pd(0.6)/Co(0.23 
nm)]5/Ta were deposited on a Si (100) substrate using a dc magnetron sputtering 
system. The film thickness and the multilayer structure were chosen based on 
previous work to achieve a large exchange coupling and strong perpendicular 
anisotropy. 19, 20 The base pressure was kept below 2× 10-8 Torr, and the Ar working 
gas pressure was fixed at 3 mTorr. Magnetic annealing was carried out in a vacuum 
with a base pressure of 4 × 10-8 Torr for 1 hour. To control the spin configuration and 
the perpendicular anisotropy energy of the [Pd/Co]5 multi-layers, magnetic fields with 
different field strengths were applied, either perpendicular to the film plane or in the 
in-plane direction. Considering the magneto-static energy of the [Pd/Co]5/FeMn and 
the FeMn/[Co/Pd]5 system, either 0.7 kOe or 2.2 kOe of in-plane magnetic field and 
either 1.2 kOe or 3.3 kOe of perpendicular magnetic field were applied during the 
magnetic annealing. The annealing temperature was controlled at either 240 °C or 
100 °C, depending on the thermal stability of the perpendicularly magnetized 
[Pd/Co]5 ferromagnetic multi-layers.8,9 
 
4.5 Experimental validation 
4.5.1 Physical contribution of KAFM×tAFM to the exchange bias in [Pd/Co]n/FeMn 
PEB system: crystal and spin structure of the FeMn AFM layer 
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Figure 4.4. Hysteresis loops (M-H loops) of as-deposited (a) 
Si/Ta(2)/[Pd(0.6)/Co(0.23 nm)]5/Ta multi-layered thin films, (b) 
Si/Ta(2)/FeMn(11.6)/[Co(0.23)/Pd(0.6 nm)]5/Ta, and (c) 
Si/Ta(2)/[Pd(0.6)/Co(0.23)]5/FeMn(11.6 nm)/Ta exchange biased thin 
films with perpendicular anisotropy. 
In this section, the effects of KAFM×tAFM on the exchange bias characteristics in 
a PEB system, as described in Eq. (4.2), were experimentally confirmed by the 
comparison of two series of [Pd/Co]5/FeMn based exchange biased thin films with 
perpendicular anisotropy, Si/Ta(2)/FeMn(11.6)/[Co(0.23)/Pd(0.6 nm)]5/Ta (denoted as 
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“bottom structure”) and Si/Ta(2)/[Pd(0.6)/Co(0.23)]5/ FeMn(11.6 nm)/Ta (denoted as 
“top structure”) in terms of their crystalline anisotropy, KAFM, and their spin structure 
models. 
Figure 4.4 shows the hysteresis loops (M-H loops) of the as-deposited 
Si/Ta(2)/[Pd(0.6)/Co(0.23 nm))]5/Ta multi-layers with perpendicular anisotropy 
(denoted as “PMLs”), “bottom structure,” and “top structure,” measured under an 
externally applied magnetic field perpendicular to the film direction at room 
temperature. The grain sizes of the [Co/Pd] PMLs, the FeMn top structures and the 
FeMn bottom structures are comparable with sizes of 20–25 nm (based on AFM 
measurement). The intrinsic perpendicular anisotropy field (Hk for “PMLs”) is ~6250 
Oe. This is roughly estimated from the intersection point of the M-H loops in the 
perpendicular and in-plane directions when the magnetization reaches the saturation 
value (Ms), and is closely related to the slope of the M-H curve in the in-plane 
direction. As Fig. 4.4 (a), (b), and (c) show, the three multi-layered structures with 
perpendicular anisotropy exhibited magnetic coercivities of 320 Oe, 345 Oe, and 480 
Oe, respectively. The exchange bias characteristics, unidirectional anisotropy (or 
exchange bias field, Hex) and increased coercivity (or pinned coercivity), were only 
observed in the “top structure.” Although the “bottom structure” had an FeMn AFM 
layer, it did not exhibit any exchange bias characteristics, but showed a similar 
magnetic coercivity to that of the “PMLs.” According to the previous reports21-23, 
FeMn has two magnetic phases, a non-anti-ferromagnetic phase (α-Mn structure), and 
an anti-ferromagnetic phase (γ-Mn structure). Considering Eq. (4.2), which 
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establishes the critical condition for generating exchange bias (KAFM×tAFM ≥  JINT), 
one of the physical reasons for the exchange bias characteristics that are only 
observed in the “top structure” (Fig. 4.4 (c)) can be attributed to the large KAFM 
produced by the development of a strong (111) crystalline texture of the γ-phase 
FeMn AFM layer.24,25 
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Figure 4.5. XRD patterns of as-deposited 
Si/Ta(2)/FeMn(11.6)/[Co(0.23)/Pd(0.6 nm)]5/Ta (“bottom structure”) and 
Si/Ta(2)/[Pd(0.6)/Co(0.23)]5/FeMn(11.6 nm)/Ta (“top structure”) exchange 
biased thin films with perpendicular anisotropy. 
To verify this physical assumption, the crystalline structures of the “top structure” 
and the “bottom structure” were analyzed by XRD and XTEM. Figure 4.5 shows the 
XRD patterns of the as-deposited “top structure” and “bottom structure”. As shown in 
Fig. 4.5, the “top structure” had both a strong fcc γ-phase (111) FeMn peak at 2θ = 
43.2 ° and a strong fcc Pd (111) + a hcp α-Co (100) mixed-phase peak at 2θ = 40.8°. 
The obvious fcc γ-phase (111) FeMn peak for the “top structure” indicates that the 
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FeMn grown on the top of [Pd/Co]5 had a strong (111) crystalline texture, which 
produces a strong crystalline anisotropy of the FeMn, KAFM. In addition, the Co-Pd 
mixed peak observed at 2θ = 40.8° implies that the stress-induced anisotropy formed 
at the Co and Pd interface and the crystalline anisotropy were mainly responsible for 
the strong perpendicular anisotropy of the [Co/Pd]5 multi-layers. The shift of the hcp 
Co (100) peak from 2θ = 41.7 ° (lattice constant 507.20 =a Å (a-axis)) and the Pd 
(111) peak from 2θ = 40.4 ° (lattice constant 867.30 =a  Å) are thought to have 
originated from the mechanically induced stress during the deposition of the ultra-thin 
Co layer in the [Pd (0.6)/Co(0.23 nm)]5 multi-layers. The lattice mismatch generated 
between the Pd and the Co interface during the deposition gave rise to the expansion 
of the Pd along the c-axis (shrinking of the lattice along the a-axis of the Pd). The Co 
lattice expanded in the film plane direction, inducing tensile stress in the Co layer. 
The lattice expansion of the Pd in the range of 3 ~ 5 % along the c-axis changed the 
magnetic phase of the Pd from a non-magnetic to a pseudo-magnetic phase.26 
Moreover, the tensile stress induced in the Co layer caused the spins of the Co to align 
in a more perpendicular direction because of the negative magnetostriction of the Co 
(λCo=-10x10-6)27. Therefore, the appearance of fcc Pd (111) + a hcp α-Co (100) mixed 
peak shown in the “top structure” demonstrates that the perpendicular anisotropy of 
the [Co/Pd]5 multi-layers is caused by stress-induced perpendicular anisotropy and 
crystalline anisotropy. Furthermore, it can be clearly understood that the development 
of a strong fcc γ-phase (111) FeMn AFM layer was caused by the strong (111) texture 
of the [Co/Pd]5 multi-layers, which acted as a texture-controlling seed layer in the 
CHAPTER 4                              A PHYSICAL MODEL OF PEB IN [Pd/Co]5/FeMn SYSTEM 
 77 
structure. In contrast, the “bottom structure” exhibited only a weak Pd (111) peak and 
no fcc γ-phase (111) FeMn peak, as shown in Fig. 4.5. This result indicates that a 
2-nm-thick Ta seed layer is not sufficient to build up the γ-phase (111) texture of the 
FeMn layer and subsequently control the fcc (111) texture of the [Co/Pd]5 
multi-layers.  
 
Figure 4.6 XTEM images, SAED patterns, and Fourier transform images of 
the as-deposited (a) Si/Ta(2)/[Pd(0.6)/Co(0.23)]5/FeMn(11.6 nm)/Ta (“top 
structure”), and Si/Ta(2)/FeMn(11.6)/[Co(0.23)/Pd(0.6 nm)]5/Ta (“bottom 
structure”). 
To clarify our assumption further, we analyzed the crystal texture for the “top 
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structure” and “bottom structure” using XTEM, Fourier transform analysis, and 
selected area electron diffraction (SAED) patterns. As observed in Fig. 4.6 (a), the 
“top structure” contained well-defined (111) crystalline textures in the Pd and FeMn 
layers, and the SAED pattern distinctly confirmed that the α-Co atoms were scattered 
around the Pd atoms in the “top structure”, which is consistent with the results shown 
in Fig. 4.5. However, as can be confirmed from the Fourier transform image analysis 
(Fig. 4.6 (b)), the “bottom structure” had a weak fcc Pd (111) texture and α-phase 
bcc-FeMn (411) and (330) crystalline textures, which agree well with the XRD results 
shown in Fig. 4.5.  
Magnetocrystalline anisotropy is considered to be the origin of the magnetic 
anisotropy in the antiferromagnetic layers, and KAFM varied with the different crystal 
orientations.28 Because the FeMn (111) peak is the favorable FeMn orientation for the 
exchange bias,29 the XRD and XTEM results and the exchange bias characteristics 
shown in Fig. 4.4 suggest that the existence of KAFM in the FeMn thin film with 
strong γ-fcc (111) crystalline texture is one of the primary reasons for the observation 
of the exchange bias field in the “top structure.” Furthermore, the experimental results 
shown in both Fig. 4.5 and Fig. 4.6 demonstrate that the theoretically developed Eq. 
(4.2) is physically valid for a PEB system. The spin structure of the FeMn and the 
large KAFM are significant in the determination of the exchange bias characteristics in 
a PEB system because they are closely related to the interfacial exchange coupling 
energy, Jex, which is directly relevant to the product of the perpendicular 
magnetization component of the [Co/Pd]n and FeMn spins, as described in Eq. (4.4). 
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Therefore, to more precisely interpret the physical contribution of KAFM×tAFM and Jex 
to the proposed PEB model, the spin configuration at the interface between the 
γ-phase FeMn layer and the [Co/Pd]5 multi-layers must be well-understood and 
clarified. 
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Figure 4.7. Spin configuration of γ-phase FeMn with 3 Q structure: (a) a unit 
cell, (b) a (111) plane and (c) Co/FeMn interface in 
Si/Ta(2)/[Pd(0.6)/Co(0.23)]5/FeMn(11.6 nm)/Ta (“top structure”) exchange 
biased thin films. 
The spin structure of γ-phase FeMn has been comprehensively studied over the 
last few decades, and three models for the spin structure have been proposed, the 1Q, 
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2Q and 3Q spin models.21, 30 –33 Among these models, the noncollinear 3Q state has 
been confirmed to be the magnetic ground state of γ-FeMn because its energy is 
slightly lower than that of 1Q or 2Q. 30-32 The spin configuration of γ-FeMn in the 3Q 
state can be described as consisting of tetrahedral structures in which the four nearest 
atoms in the fcc structure are located in the corner of the tetrahedron, and the spins are 
directed to the center of tetrahedron. Figure 4.7 (a) shows the spin configuration of an 
fcc γ-FeMn unit cell consisting of four atoms in a (111) plane. The “•” indicates the 
positions of the atoms, while the arrow represents the spin direction. In this plane, the 
spins of the three atoms were directed to the center of the regular tetrahedron. 
Therefore, a canting angle of ±19.5° was expected between these spins and the (111) 
plane, while the spin of the fourth atom canted ±90° to the (111) plane. The spin 
configuration of γ-phase FeMn for the (111) plane (expanding from a unit cell in the 
triangle) is illustrated in Fig. 4.7 (b), where “o” indicates the positions of the atoms. 
For the atoms with spins directed ±19.5° to the (111) plane, the spin moment was 
separated into two components, which lay along or perpendicular to the (111) plane. 
The components of the spin of these atoms along the (111) plane compensate each 
other, as indicated by the arrows in Fig. 4.7 (b). In addition, the summation of the 
three spin components perpendicular to the (111) plane (indicated by “•”) also 
compensated with the spin of the atom directed ±90° to the (111) plane (indicated as 
“ⓧ”) because sin(19.5°)=1/3 in the [Co(2.3Å)/Pd(6Å)]5 multi-layers, and the Co 
layer did not have its own crystal structure because it was notably thin, as shown in 
Fig. 4.5. As can be observed from the SAED pattern in Fig. 4.6 (b), the Co atoms 
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scattered around the Pd fcc (111) crystal structure. Because Pd and FeMn had the 
same crystal texture (fcc (111)) and the lattice constants for Pd ( 867.30 =a  Å) and 
FeMn (a = 3.87 Å) were similar, it is supposed that the spin structure at the Co/FeMn 
interface can be illustrated as in Fig. 4.7 (c), where each of the Co atoms in the top Co 
layer correspond to a single atom in the FeMn layer.  
According to the spin structure model proposed in Fig. 4.7, it can be understood 
that the fcc γ-phase FeMn crystal structure for the FeMn AFM layer (which is directly 
relevant to the KAFM required to pin the [Co/Pd]5 multi-layers) and the large Jex 
(which provides the perpendicular magnetization component in the FeMn AFM layer 
to couple with the [Co/Pd]5 FM layer) are essential conditions for achieving large 
exchange coupling in a PEB system with an FeMn AFM layer.  
 
4.5.2 Physical contribution of KFM,eff×tFM to the exchange bias characteristics in 
the [Pd/Co]5/FeMn PEB system and its correlation with Jex and the interfacial 
spin structure 
KFM,eff can be expressed as follows: KFM,eff= KFM,bulk + KFM,surface = 
(KFM,crystalline-2ПMs2)+KFM,surface =(Ku,crystalline +2ks/tCo)-2ПMs2. KFM,eff represents the 
effective FM anisotropy, which is mainly composed of the bulk FM anisotropy 
(KFM,bulk) and the surface anisotropy (KFM,surface). KFM,bulk includes the crystalline and 
shape anisotropy, of which the shape anisotropy (-2ПMs2) is a result of the 
demagnetization energy that favors the in-plane direction (negative sign). The surface 
anisotropy (also called the “interface anisotropy” or “stress anisotropy”) is expressed 
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as 2ks/t[Co/Pd] because of the lattice mismatch between Co and Pd at the Pd/Co 
interfaces, and KFM,surface is inversely proportional to the Co layer thickness. The 
crystalline anisotropy and surface anisotropy are believed to be the main components 
that contribute to the perpendicular anisotropy.34-36 In the case of multi-layered thin 
films, both the crystalline and surface anisotropy contribute to the generation of the 
perpendicular anisotropy.  
 
As previously described in the theoretical model shown in Eqs. (4.2),(4.4) and 
(4.8), the exchange bias characteristics of a PEB system are enhanced by increasing 
KFM,efftFM and Jex because of the reduction of α and β (if KAFMtAFM remains strong). 
To confirm this physical assumption, magnetic annealing was carried out for the 
perpendicular magnetized “PMLs,” the “top structure,” and the “bottom structure” 
under different magnetic field strengths, field directions, and annealing temperatures.  
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Figure 4.8 Hysteresis loops of (a) Si/Ta(2)/[Pd(0.6)/Co(0.23 nm)]5/Ta 
multi-layered thin films, (b) Si/Ta(2)/FeMn(11.6)/[Co(0.23)/Pd(0.6 nm)]5/Ta, 
(c) Si/Ta(2)/[Pd(0.6)/Co(0.23)]5/FeMn(11.6 nm)/Ta exchange biased thin 
films before and after annealing at a fixed temperature of 240 °C with a field 
of either 1.2 or 3.3 kOe applied perpendicular to the film direction, and (d) a 
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schematic diagram illustrating the spin configuration of 
Si/Ta(2)/[Pd(0.6)/Co(0.23)]5/FeMn(11.6 nm)/Ta exchange biased thin films 
before and after annealing with different magnetic fields perpendicular to 
the film direction. (e) and (f) Perpendicular and in-plane M-H loops of 
Si/Ta(2)/[Pd(0.6)/Co(0.23)]5/FeMn(11.6 nm)/Ta exchange biased thin films 
before and after annealing at 3.3 kOe 
Figures 4.8 (a), (b), and (c) show the hysteresis loops of the “PMLs,” the “bottom 
structure,” and the “top structure,” respectively, for which magnetic annealing was 
conducted at a fixed magnetic field of 1.2 kOe or 3.3 kOe, applied perpendicular to 
the film direction at a temperature of 240 °C for 1 hour. It is believed that both the high 
temperature (thermal effect) and magnetic field (magnetic effect) cause realignment of the FM 
spins and a change of the FM anisotropy. A significant increase of Hc with the increasing 
magnetic field strength was observed for all the three magnetically annealed 
multi-layered thin films. The increase in the coercivity produced by increasing the 
magnetic field strength can be interpreted to originate from the thermally  (high 
temperature annealing) and magnetically (magnetic field applied) induced 
perpendicular magnetic anisotropy, KFM,induced, which occurred in addition to the total 
effective magnetic anisotropy of the [Pd/Co]5 multi-layers, KFM,eff= KFM,bulk + 
KFM,surface = (KFM,crystalline-2ПMs2)+KFM,surface =(Ku,crystalline +2ks/tCo)-2ПMs2. 
Moreover, the possible formation of a Co-Pd alloy, which has a higher perpendicular 
magnetic anisotropy than the [Co/Pd] bi-layers, at the interface between the Co and 
Pd during the high temperature annealing might also have contributed to the increase 
of KFM,eff.37, 38 For the “top structure,” as shown in Fig. 4.8 (c), Hex remained constant 
at approximately 304 Oe, and a remarkable increase of Hc (from 480 Oe to 1360 Oe) 
was observed after magnetic annealing with a field of 3.3 kOe. The change of the 
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magnetic properties is thought to be caused by the enhancement of KFM,eff×tFM, and 
Jex, along with the reduction of KAFM. The reduction of KAFM could be caused by Mn 
diffusion and reduction of the Mn concentration in the FeMn, which is indirectly 
implied by the aγ-FeMn XRD peak intensity reduction shown in Figure 4.9. This 
result could be understood by considering the physical model of the possible spin 
structure for the “top structure” before and after the magnetic annealing, as illustrated 
in Fig. 4.8 (d). The solid arrows represent the spin structure before annealing, and the 
dotted arrows represent the spin structure after annealing. Initially, 75% of the spins in 
the FeMn AFM layer are canted 19.5º to the (111) plane, while 25% of the spins are 
canted -90º to the plane. The spins in the [Pd/Co]5 multilayers were canted to an axis that 
made an angle of 5º with the perpendicular axis, based on the angular VSM measurements 
(Fig. 4.3). After annealing at 240 °C with a strong magnetic field applied along the 
perpendicular direction, the spins in the [Pd/Co]5 multilayers realigned to the 
perpendicular direction because the perpendicular KFM,eff increased. The 
perpendicular anisotropy KFM,eff was proportional to the anisotropy field Hk, which 
was roughly estimated from the intersection point of the M-H loops in the 
perpendicular and in-plane directions, when the magnetization reaches the saturation 
value (Ms).39 KFM,eff was estimated to increase by approximately 50%, and 80% after 
perpendicular magnetic annealing at 1.2, and 3.3 kOe, respectively (as shown in Fig. 
4.8 (e) and (f)). Although Jex was enhanced by the increase of the perpendicular 
component of the FM layer magnetization ( ⊥FMS ), the effect was minimal because 
the very small change in the canting angle of the FM magnetization (β change from 5 
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to approximately 0 degrees) produced only a 4% increase in Jex because of the change 
of cos β. H ex was supposed to increase as a result of the large increase of K’FM,eff 
(K’FM,eff = K FM,eff + KFM,induced) and the slight increase of Jex according to Eq. (4.4). 
However, the diffusion of Mn from the FeMn during annealing caused the reduction 
of the exchange bias stiffness and KAFM, where the exchange bias stiffness AAF was 
proportional to JAF/a, JAF was the AFM exchange integral parameter, and a was the AFM 
lattice parameter. 1, 2 Although KAFM is reduced along with increase of Jex, Hex 
remained constant. This effect could be attributed to some microstructural change 
induced by thermal annealing. The interface vacancy relocation, which may have 
increased the number of uncompensated AFM spins at the FM/AFM interface (Δn) 
after annealing, could be one such mechanism.40 All of these factors may have roles in 
the exchange bias and counteract each other; therefore, Hex was nearly constant at 
approximately 300 ~ 304 Oe after annealing.  
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Figure 4.9 XRD patterns of Si/Ta(2)/[Pd(0.6)/Co(0.23)]5/FeMn(11.6 nm)/Ta 
exchange biased thin films before and after annealing at a fixed temperature of 
240 °C with a magnetic field applied along the perpendicular or in-plane to the 
film direction. 
The XRD patterns of the “top structure” before and after annealing at 240 °C with a 
field of 3.3 kOe are shown in Figure 4.9, indicating that no crystalline texture change 
of Pd and Co occurred after magnetic annealing, but the XRD peak intensity of 
γ-FeMn after magnetic annealing was reduced by approximately 10% compared to the 
as-deposited value, indirectly implying that the small reduction of the Mn 
concentration in the FeMn layer by the thermally induced inter-diffusion into the 
[Co/Pd]5 multi-layers was responsible for the slight degradation of KAFM.  
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Figure 4.10 Hysteresis loops of (a) Si/Ta(2)/[Pd(0.6)/Co(0.23 nm)]5/Ta 
multi-layered thin films, (b) Si/Ta(2)/FeMn(11.6)/[Co(0.23)/Pd(0.6 nm)]5/Ta, 
(c) Si/Ta(2)/[Pd(0.6)/Co(0.23)]5/FeMn(11.6 nm)/Ta exchange biased thin 
films before and after annealing at the fixed temperature of 240 °C with a 
magnetic field of either 0.7 or 2.2 kOe applied along the in-plane to the film 
direction, and (d) hysteresis loop of Si/Ta(2)/[Pd(0.6)/Co(0.23)]5/FeMn(11.6 
nm)/Ta (after annealed with a magnetic field of 2.2 kOe) measured under the 
applied magnetic field along the in-plane direction, and (e) a schematic 
diagram illustrating the spin configuration of 
Si/Ta(2)/[Pd(0.6)/Co(0.23)]5/FeMn(11.6 nm)/Ta exchange biased thin films 
before and after annealing with different magnetic fields applied along the 
in-plane direction. 
 
To further study the unique contribution of the change in KFM,eff×tFM and Jex to the 
PEB in a [Pd/Co]5/FeMn based PEB system, the “PMLs,” the “top structure,” and the 
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“bottom structure” were annealed at 240 °C with fixed magnetic fields of 0.7 kOe and 
2.2 kOe applied along the in-plane direction. Figure 4.10 shows the hysteresis loops 
for the three structures measured at room temperature. Figs. 4.10(a) and (b) show that 
both the “PMLs” and the “bottom structure” exhibited a slight increase in coercivity 
after annealing, but the increase of Hc was less when a larger in-plane magnetic 
annealing field was applied. The slight increase of the coercivity after annealing was 
possibly caused by the formation of a Co-Pd alloy at the interface between the Co and 
Pd during the high-temperature annealing process.37, 38 Although a Co-Pd alloy was 
formed during the annealing process, it is speculated that the CoPd alloy was only 
formed locally among the [Co/Pd] bilayers, and its extent was limited compared with 
that of the [Co/Pd] bilayers. Consequently, no double M-H loop behavior was 
observed. In addition, the decrease in the coercivity produced by increasing the 
in-plane magnetic field indicates that the applied in-plane magnetic energy exceeded 
the perpendicular magneto-static energy, leading to a reduction of the perpendicular 
anisotropy (KFM, eff) of the [Co/Pd] multi-layers. In turn, this reduction caused an 
increase in the angle of the spins (or magnetization), canting them toward the in-plane 
direction. On the other hand, as shown in Fig. 4.10 (c), the “top structure” annealed at 
240 °C with a 2.2 kOe magnetic field exhibited a double hysteresis loop. Figure 4.10 
(d) shows the corresponding hysteresis loop measured with a magnetic field applied in 
the in-plane direction. As observed in Fig. 4.10 (d), exchange coupling was also 
observed in the in-plane direction, which could possibly be explained by the 
development of an in-plane FM anisotropy component responsible for the change of 
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the magnetic properties. The double hysteresis loop observed in the “top structure” 
after annealing with an in-plane magnetic field can be understood by considering the 
schematic diagram of the spin configuration, as shown in Fig. 4.10 (e). During the 
magnetic annealing and cooling process under a large in-plane magnetic field of 2.2 
kOe, the spins in the [Pd/Co]5 multi-layers suffered serious perpendicular anisotropy 
(KFM.eff) degradation. This degradation directly caused an increase of the canting 
angle of the [Pd/Co]5 spins toward the in-plane direction and a serious degradation of 
the perpendicular component of the FM layer magnetization( ⊥FMS ). The spins of the 
FeMn, which were originally canted at 19.5° from the (111) plane, also adopted an 
alignment that was more parallel to the in-plane direction because of the large 
in-plane applied magnetic field, as shown in Fig. 4.10 (e). Consequently, Jex 
decreased dramatically as a result of the decrease of the product of the perpendicular 
magnetization component of the [Co/Pd]n and FeMn spins, as described in Eq. (4.4). 
In this scenario, it is speculated that the top few [Co/Pd] bilayers, which were adjacent 
to the FeMn layer, retained their interfacial exchange coupling with FeMn while the 
other bi-layers fail to couple to the FeMn because of Jex degradation. These bilayers 
can easily undergo magnetic reversal under a smaller external field. As a result, a 
double hysteresis loop was observed in Fig. 4.10 (c) because of the degradation of 
KFM,eff ×tFM (by the development of an in-plane anisotropy), KAFM×tAFM and Jex 
caused by the magnetically induced anisotropy.20  
Figure 4.11 shows the hysteresis loops of the “PLMs,” the “top structure,” and the 
“bottom structure,” which were annealed at 100 °C under the different magnetic field 
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strengths and directions, as indicated. Fig. 4.11 shows that all three magnetically 
annealed samples (with different applied magnetic field strengths and directions) 
showed no change in their magnetic properties, including the coercivity and exchange 
bias field. A weak double hysteresis phenomenon was only observed in the “top 
structure” that was annealed in a 2.2 kOe magnetic field applied in the in-plane 
direction. The lack of change in the perpendicular anisotropy and exchange bias 
characteristics implies that the magnetically induced perpendicular anisotropy, 
KFM,induced, caused by the magnetic reordering of spins without sufficient thermal 
activation energy is too weak to overcome the perpendicular magneto-static energy 
barrier in the [Pd/Co]5 bi-layers.  
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Figure 4.11 Hysteresis loops of Si/Ta(2)/[Pd(0.6)/Co(0.23 nm)]5/Ta 
multi-layered thin films with perpendicular anisotropy (“PML”), 
Si/Ta(2)/FeMn(11.6)/[Co(0.23)/Pd(0.6 nm)]5/Ta (“bottom structure”), and 
Si/Ta(2)/[Pd(0.6)/Co(0.23)]5/FeMn(11.6 nm)/Ta (“top structure”) exchange 
biased thin films before and after annealing at a fixed temperature of 100 °C 
with different applied magnetic fields and directions: (a) “PML” with 
perpendicular magnetic field, (b) “bottom structure” with perpendicular 
magnetic field, (c) “top structure” with perpendicular magnetic field, (d) 
PML with in-plane magnetic field, (b) “bottom structure” with in-plane 
magnetic field, (c) “top structure” with in-plane magnetic field. 
In summary, the unique dependences of the ferromagnetic effective anisotropy 
energy, KFM,eff×tFM and Jex on the PEB characteristics modeled in Eq. (4.4) and (4.8) 
were confirmed by employing magnetic annealing with different magnetic fields and 
temperatures using [Pd/Co]5/FeMn based PEB systems. It was demonstrated that 
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control of the perpendicular anisotropy could significantly improve the PEB 
characteristics because it is closely related to the interfacial spin configuration at the 
FM and AFM interface, which is directly correlated with Jex. 
 
4.6 Summary 
In this chapter, a physical model of a PEB system with an FeMn AFM layer was 
established based on the energy equation by considering the primary physical 
parameters KAFM×tAFM, KFM,eff×tFM and Jex, combined with the FeMn 3Q spin 
structure. It was revealed that Jex in a PEB system was directly related to the product 
of the perpendicular component of the FM and AFM spins between the top layer of 
the PMLs and the AFM interface, FMAFMexJ βα coscos ×∝ . In particular, the 
effective perpendicular anisotropy energy, KFM,eff×tFM, has a significant role in 
controlling the PEB characteristics. The physical validity of the proposed PEB model 
was confirmed using different structures of the exchange biased [Pd/Co]5/FeMn thin 
films with perpendicular anisotropy. The proposed model would be helpful for the 
design and prediction of a new PEB system for advanced spintronics applications. 
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CHAPTER 5   OPTIMIZATION OF PERPENDICULAR 
EXCHANGE BIAS CHARACTERISTICS IN 
[Pd/Co]5/FeMn THIN FILM SYSTEM  
 
5.1 Introduction 
Since the exchange bias with perpendicular anisotropy was first discovered in a 
FeF2-CoPt heterogeneously structured system in 2000, 1 it has attracted increased 
interest because of its application to perpendicular exchange biased spin-valves for 
spintronics and magnetoelectronics. 2, 3 To overcome the critical challenges relevant to 
the small exchange-bias field (Hex) and large coercivity (Hc) of PEB, which limit its 
application in a variety of spintronic devices, various experimental works to improve 
its characteristics have been undertaken; these works are presented in this chapter. 
§5.2 studies the effect of the seed layer on the microstructural tailoring of the 
[Pd/Co]5/FeMn thin film and control of the PEB characteristics. §5.3 explores the 
physical origin of the appearance of the double hysteresis loop, which is considered to 
be an undesirable phenomenon for the PEB system.  
 
5.2 The effect of the seed layer on the PEB [Pd/Co]5/FeMn and 
FeMn/[Co/Pd]5 thin films  
The effects of the seed layers on the PEB characteristics have been studied in 
the seed-layer/[Pd/Co]5/FeMn and seed-layer/FeMn/[Co/Pd]5 thin films. This study 
focused on control of the crystalline texture and interface roughness of the PEB thin 
films because of their close relationship with the ferromagnetic and 
CHAPTER 5                           OPTIMIZATION OF PEB IN [Pd/Co]5/FeMn THIN FILM SYSTEM 
 98 
anti-ferromagnetic anisotropy energies (KAFM×tAFM and KFM,eff×tFM) and the 
interfacial exchange coupling (Jex), which are considered to be the primary factors 
that determine the PEB characteristics.  
 
5.2.1 Motivation 
Although perpendicular exchange bias (PEB) has been known for decades, Hex 
is still relatively small compared with large Hc in perpendicular anisotropy systems, 
which limits its application to spintronics devices. It is believed that PEB 
characteristic is a result of the energy contribution of the perpendicular anisotropy 
energies (KFM, eff × tFM), the anti-ferromagnetic anisotropy energy (KAFM × tAFM), and 
the interfacial exchange coupling energy (Jex) of the system, where KAFM×tAFM ≥  
Jex is a preliminary condition to observe the exchange bias in the system. The physical 
role of KFM,eff×tFM was also found to be significant in the enhancement of the PEB 
because Jex is directly related to the product of the perpendicular magnetization 
components of the FM and AFM spins. 4 - 6 All of these energies are closely related to 
the microstructures of the multilayers, which can be effectively controlled by the seed 
layer. Therefore, to control the energy contribution of KFM, eff × tFM, KAFM × tAFM, and 
Jex in the PEB system, different seed layer materials and deposition conditions were 
implemented to study the PEB characteristics in [Pd/Co]/FeMn based exchange bias 
structures. 
In this work, Ta, Pd and Cu with different thicknesses and deposition conditions 
were used to control the KFM, eff × tFM, KAFM × tAFM, and Jex energy contributions by 
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manipulating the crystalline texture and interfacial roughness of the 
seed-layer/[Pd/Co]5/FeMn and seed-layer/FeMn/[Co/Pd]5 thin films. Ta, Pd and Cu 
were selected because of their different surface energies and crystal textures. Ta, 
which has a high surface energy, was expected to produce a smooth initial layer and 
smaller interface roughness, 7 - 9 and Pd and Cu have the same fcc crystal texture as 
the subsequently grown magnetic multilayers. The interfacial roughness is closely 
related to Jex, and the crystalline texture is directly related to KFM, eff × tFM and KAFM 
× tAFM of the system. Under the preliminary condition that KAFM × tAFM ≥ Jex, a large 
KFM, eff and Jex can greatly enhance the PEB characteristics. Therefore, by tailoring 
the seed-layer conditions, we managed to control the microstructure of the multilayers 
and optimize the PEB characteristics. 
 
5.2.2 Sample preparation 
To study the effect of the seed layer on the PEB characteristics in a 
[Pd/Co]5/FeMn PEB system in terms of the energy contribution of KFM, eff × tFM, 
KAFM × tAFM and Jex, we tailored the microstructures of the Si/seed 
layer/[Pd/Co]5/FeMn and Si/seed layer/FeMn/[Co/Pd]5 exchange biased thin films 
with different seed layer materials, such as Ta, Pd or Cu, different seed-layer 
thicknesses from 20 to 100 Å, and different seed-layer deposition Ar working gas 
pressures from 2 to 10 mTorr. All of the samples were deposited on Si (100) substrates 
with a 6-gun dc-magnetron sputtering system at room temperature. The base pressure 
was maintained below 2 x 10-8 Torr.  
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5.2.3 The effect of different seed layer materials on PEB characteristics 
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Figure 5.1 Hysteresis loops (M-H loops) of (a) Si/Seed 
layer/[Pd(1.2)/Co(0.3)]5/FeMn(12)/Pd(2 nm) and (b) Si/Seed 
layer/FeMn(12)/[Co(0.3)/Pd(1.2)]5/Pd(2 nm) PEB thin films for 
seed layer of Ta, Pd and Cu 
 
To study the effects of the seed layer materials on the microstructural control of 
the subsequently grown multilayers, the multilayers were deposited on different seed 
layer materials. Figure 5.1 shows the hysteresis loops (M-H loops) of the Si/seed 
layer(3)/[Pd(1.2)/Co(0.3)]5/FeMn(12)/Pd(2 nm) and Si/seed 
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layer(3)/FeMn(12)/[Co(0.3)/Pd(1.2)]5/Pd(2 nm) PEB thin films measured under an 
externally applied magnetic field perpendicular to the film direction at room 
temperature. Fig. 5.1 (a) shows that the seed layer/[Pd/Co]5/FeMn PEB thin films 
(denoted as “top exchange bias structure”) exhibited a shift of the M-H loop. The “top 
exchange bias structure” with a Ta seed layer exhibited a large ratio of Hex to Hc 
(Hex/Hc) (0.74). A smaller Hex to Hc ratio (Hex/Hc = 0.13) was obtained in the “top 
exchange bias structure” with a Pd seed layer, and Hex/Hc was quite small (0.02) for 
the “top exchange bias structure” with a Cu seed layer. In Fig 5.1(b), the seed 
layer/FeMn/[Co/Pd]5 PEB thin films (denoted as the “bottom exchange bias 
structure”) exhibited no shift of the M-H loop (Hex ≈ 0), regardless of whether it was 
deposited on a Ta, Pd or Cu seed layer. The large difference between the PEB 
characteristics of the “top and bottom exchange bias structures” is assumed to be 
mainly caused bythe different energy contributions of KFM, eff × tFM, KAFM × tAFM and 
Jex in the PEB system. We propose that the perpendicular exchange bias 
characteristics are a result of the energy contributions from KAFM × tAFM, KFM,eff × tFM 
and Jex; both KFM,eff × tFM and Jex significantly enhance the PEB under the 
preliminary condition that KAFM×tAFM ≥  Jex. Jex is strongly relevant to the product 
of the perpendicular magnetization component of the FM and AFM spins, a strong 
KFM,eff provides large perpendicular spin components to couple with the AFM spins, 
and a strong KAFM can pin the FM layer from reversing freely with an external 
magnetic field. All of these terms are closely related to the microstructure of the 
magnetic materials, and the large difference of the PEB characteristics among the 
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elements of the series can be attributed to the different energy contributions 
introduced by the evolution of the microstructures, especially the crystal texture, 
interface roughness and grain size, caused by the seed layer effect. 
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Figure 5.2 XRD pattern of Si Si/Seed 
layer/[Pd(1.2)/Co(0.3)]5/FeMn(12)/Pd(2 nm) exchange biased thin films 
with perpendicular anisotropy for seed layer of (a) Ta, (b) Pd and (c) Cu, 
Si/Seed layer/FeMn(12)/[Co(0.3)/Pd(1.2)]5/Pd(2 nm) PEB thin films for 
seed layer of (d) Ta, (e) Pd and (f) Cu 
The microstructures of “top and bottom exchange bias structures” grown on 
different seed layer materials were analyzed by XRD, XTEM and AFM. Figure 5.2 
shows the XRD patterns of the “top and bottom exchange bias structures” deposited 
on Ta, Pd and Cu seed layers. Fig. 5.2 (a) shows that the “top exchange-bias structure” 
with a Ta seed layer exhibited a strong fcc γ-phase (111) FeMn peak at 2θ = 43.2°. 
Moreover, a strong fcc Pd (111) and a hcp α-Co (100) texture mixed-phase peak were 
observed at 2θ = 40.8°. According to the previous reports,[10- 12] FeMn has two 
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magnetic phases, a non-anti-ferromagnetic phase (α-Mn structure), and an 
anti-ferromagnetic phase (γ-Mn structure). The existence of an fcc γ-FeMn crystalline 
structure with (111) texture suggests that the “top exchange bias structure” grown on 
Ta had a strong anti-ferromagnetic anisotropy constant, KAFM, with a 3Q spin 
structure.[13-15] The strong KAFM was able to pin the spins of the [Pd/Co]5 multilayers 
from reversing freely with the external magnetic field. Additionally, the 3Q spin 
structure of the γ-FeMn, which can be described as tetrahedral structures with the four 
nearest atoms in the fcc structure located in the corner of tetrahedron and spin 
directions pointing to the center of tetrahedron, provided a perpendicular spin 
component from the FeMn layer to couple with the [Pd/Co]5 multilayers. The Pd and 
Co mixed phase peak at 2θ = 40.8° was produced by the shift of the hcp Co (100) 
peak from 2θ = 41.7° and the Pd (111) peak from 2θ = 40.4° because of the stress 
induced in the films during deposition of the very thin Co films in the [Pd/Co]5 
multilayers. The magnetic phase change of the Pd, along with the stress-induced 
surface anisotropy (KFM,strain), are considered to be the main reasons for the large 
perpendicular anisotropy of the [Pd/Co]5 multilayers.16, 17 No observation of an XRD 
peak for the metastable β-phase of Ta, which is the most common crystal structure 
obtained in Ta thin films deposited by sputtering,18 indicates that the Ta seed layer 
remains in an amorphous state. Conversely, a weak fcc Pd (111) peak was observed in 
the “top exchange bias structure” with a Pd or Cu seed layer and the “bottom 
exchange bias structure” with a Ta, Pd or Cu seed layer. No clear peaks of the fcc 
γ-phase (111) FeMn were observed in any of the films.  
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Figure 5.3 XTEM images of (a) 
Si/Ta/[Pd(1.2)/Co(0.3)]5/FeMn(12)/Ta(2 nm) PEB multilayers and 
Si/Seed layer/FeMn(12)/[Co(0.3)/Pd(1.2)]5/Ta(2 nm) PEB thin films 
for seed layer of (b) Ta, (c) Pd and (d) Cu 
Figure 5.3 shows the XTEM images of the “top exchange bias structure” with a 
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Ta seed layer and the “bottom exchange bias structures” with a Ta, Pd or Cu seed 
layer. In close agreement with the XRD patterns, the Ta “top exchange bias structure” 
(Fig. 5.3 (a)) exhibited very good crystal texture growth for the [Pd/Co]5/FeMn 
multilayer and an amorphous state of the Ta seed layer. In addition, as observed from 
the surface roughness measurement in Fig. 5.5 for the Si/seed-layer/[Pd/Co]n/FeMn, 
the samples with a Ta seed layer exhibited the smoothest surface roughness compared 
with the Pd and Cu seed-layer samples. In the previous study, it was shown that a 
smooth surface roughness is the result of a smooth seed layer surface, and this 
roughness could be an indirect indication of a smooth interlayer interface (including 
Co/FeMn interface).19 Consequently, it is believed that the Ta seed layer exhibited the 
smoothest interface roughness.  
From the microstructural analysis, it is believed that the Ta seed layer provided a 
smoother and more continuous interface at a very low Ta seed layer thickness for the 
subsequently deposited multilayers than either Pd or Cu because its high surface 
energy (3.0 J/m2) is higher than that of Pd (2.0 J/m2) or Cu (1.9 J/m2).20, 21 The smooth 
amorphous Ta seed layer allowed greater mobility for the Pd atoms to form their 
energetically favored (111) texture, and it provided extremely small nucleation sites 
for the superlattices. 22 - 24 Thus, Ta may enhance the preferred orientation in the grain 
growth and produce a highly oriented crystalline texture in the subsequently deposited 
layers, as well as a stronger interfacial exchange coupling. This result is confirmed by 
the calculated large KFM,eff (=Hkµ0Ms/2) 25 of 0.466 Merg/cm3 for the Ta “top 
exchange bias structure”. In contrast, the rough interface of the Pd and Cu seed layers 
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did not produce a strong crystalline peak in the subsequently deposited multilayers 
under the XRD analysis. It was observed that Hc for the Cu seed layer was larger than 
Hc for Ta, and the squareness from Pd and Cu was reduced as the hysteresis loop was 
sheared. These effects could be caused by the pinning of the domain walls from the 
higher interface roughness at the FeMn and [Co/Pd]n multilayers for the Pd and Cu 
seed layer samples (and thus by defects at the interfaces), and their magnetic reversal 
was probably nucleation-dominant. 18, 26 Therefore, the KFM,eff values were weak 
(KFM,eff,Pd = 0.2314 Merg/cm3, KFM,eff,Cu = 0.0840 Merg/cm3).  
Considering the relationship between the microstructure and the PEB 
characteristics shown in Fig. 5.1 - 5.3, the large Hex observed in the “top exchange 
bias structure” with the Ta seed layer can be explained in terms of the energy 
contribution from the strong anisotropy energies (KAFM × tAFM, KFM,eff × tFM) and the 
strong exchange coupling energy (Jex). The FeMn layer in the “top exchange bias 
structure” with the Ta seed layer had a γ-phase (111) crystal texture with a 3Q spin 
configuration. The existing 3Q spin configuration provided a perpendicular spin 
component to couple with the spins of the [Pd/Co]5 multilayers, and the γ-FeMn 
provided a strong anti-ferromagnetic anisotropy, KAFM, to pin the FM spins in the 
[Pd/Co]5 multilayers. Jex in the “top exchange bias structure” with the Ta seed layer 
was also enhanced by the smooth interface and the large KFM,eff. The smooth interface 
reduced the spin dispersion at the Co/FeMn interface, 27 and the large KFM,eff provided 
a large perpendicular spin component. As a result, the interfacial exchange coupling 
became strong. The relative small exchange bias field observed in the “top exchange 
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bias structures” with the Pd or Cu seed layers might be mainly attributed to the weak 
anti-ferromagnetic anisotropy (KAFM) that originated from the FeMn, which had a 
weak γ-FeMn phase. In that case, the anti-ferromagnetic anisotropy energy, KAFM × 
tAFM, was too weak to pin the spins in the [Pd/Co]5 multilayers from magnetic 
reversal under the external applied magnetic field. Moreover, the rough interface and 
weak KFM,eff also greatly restricted the development of the interfacial exchange 
coupling, Jex. For the “bottom exchange bias structure” with a Ta, Pd or Cu seed layer, 
no PEB characteristics were observed, as in Fig. 5.1 (b), indicating that there was no 
exchange coupling between the bottom FeMn and the subsequently deposited 
[Co/Pd]5 multilayers because of the absence of the anti-ferromagnetic γ-phase of 
FeMn. 
 
5.2.4 The effect of the seed layer thickness on the PEB characteristics 
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 Figure 5.4 Dependence of Hc, Hex and KFM,eff on various seed 
layer thicknesses for (a) 
Si/Ta(2–7.5)/[Pd(1.2)/Co(0.3)]5/FeMn(12)/Pd(2 nm) and (b) 
Si/Pd(2-5)/[Pd(1.2)/Co(0.3)]5/FeMn(12) /Pd(2 nm) and (c) 
Si/Cu(2-7)/[Pd(1.2)/ Co(0.3)]5/FeMn(12)/Pd(2 nm) PEB thin 
films and (d)-(i) perpendicular (solid) and in-plane M-H loops of 
Si/Ta(2–7.5)/[Pd(1.2)/Co(0.3)]5/FeMn(12)/Pd(2 nm) with Ta seed 
layer thickness varying from 21, 30, 35, 40, 50 and 75 nm 
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Figure 5.5 Dependence of roughness on various seed layer 
thicknesses for (a) Si/Ta(2- 
7.5)/[Pd(1.2)/Co(0.3)]5/FeMn(12)/Pd(2 nm) and (b) 
Si/Pd(2-5)/[Pd(1.2)/Co(0.3)]5/FeMn(12)/Pd(2 nm) and (c) 
Si/Cu(2-7)/[Pd(1.2)/Co(0.3)]5/FeMn(12)/Pd(2 nm) PEB thin 
films 
The effect of the seed layer on the “top exchange bias structure” was further studied by 
varying the seed layer deposition thickness. Figure 5.4 and figure 5.5 have Hc, Hex, 
KFM,eff and surface roughness of (a) Si/Ta(2 -7.5)/[Pd/Co]5/FeMn, (b) 
Si/Pd(2-5)/[Pd/Co]5/FeMn, and (c) Si/Cu(2-7 nm)/[Pd/Co]5/FeMn, respectively. Based 
on a previous review paper on perpendicular anisotropy, KFM,eff =Hkµ0Ms/2,28 where 
Ms (M/tCo*S) is the saturation magnetization value of [Co/Pd] multilayers, tCo is the 
total Co layer thickness, and S is the sample area, and Hk is the anisotropy field, which 
can be roughly estimated from the intersection point of the M-H loops in the 
perpendicular and in-plane directions when the magnetization reaches the saturation 
value, and is closely related to the slope of the M-H curve in the in-plane direction. 
The perpendicular (solid) and in-plane M-H loops of 
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Si/Ta(2–7.5)/[Pd(1.2)/Co(0.3)]5/FeMn(12)/Pd(2 nm) with Ta seed layer thickness 
varying from 21, 30, 35, 40, 50 and 75 nm have been shown in fig. 5.4 (d)-(i). 
As explained in section 5.2.3, a smooth sample with low surface roughness is 
produced by a smooth seed layer surface and may indirectly indicate a smooth 
interlayer interface (including the Co/FeMn interface). Consequently, we speculate 
that the interface roughness in the [Pd/Co]n/FeMn multilayers with different seed 
layers exhibit a similar trend to that of the surface roughness. As observed in fig. 5.4 
and fig. 5.5, both Hc and the interface roughness increased as the seed-layer thickness 
increased, regardless of the seed layer material, while KFM,eff and Hex increased with 
the seed-layer thickness until a critical seed layer thickness was reached and 
subsequently saturated. The increase of Hc with the seed layer thickness was related 
to the evolution of the seed layer microstructure. When the thickness of the seed layer 
was very low, it could not wet the substrate perfectly, and it was not able to prevent 
adsorbed impurities in the magnetic layer. Therefore, in that case, the magnetic 
property was weak.[ 29 ] As the seed layer thickness increased, the seed layers 
completely wetted the substrate in the amorphous state, which helped to grow the 
natural texture of the subsequently deposited magnetic layer. At this stage, Hc and the 
perpendicular anisotropy, KFM,eff, increased, and the squareness of the hysteresis loop 
was large. However, further increases of the thickness of the seed layer produced a 
rough interface within the multilayers that caused the deterioration of the crystal 
texture. Consequently, KFM,eff began to degrade, although Hc continued to increase, as 
a result of domain pinning.  
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Figure 5.6 XRD patterns of the 
Si/Ta(2-7.5)/[Pd(1.2)/Co(0.3)]5/FeMn(12)/Pd(2 nm) PEB thin films 
This assumption is confirmed by the XRD patterns of Si/Ta(2~ 7.5 
nm)/[Pd/Co]5/FeMn in figure 5.6. The peak intensity of the Pd (111) and γ-FeMn for 
Ta of 2-nm thickness was much lower than those for Ta with thicknesses greater than 
3 nm, corresponding to the small Hc and KFM,eff at 2 nm. These small values were a 
result of the discontinuity of the ultra-thin Ta seed layer, which cannot efficiently 
prevent the transition of adsorbed impurities from the substrate to the magnetic layer 
or help the subsequently deposited film grow with good crystallization. We speculate 
that the resultant KAFM was not strong enough to pin the [Pd/Co]5 multilayers, as 
reflected in the low XRD peak intensity. Consequently, Hex was small for the very 
thin Ta seed layer. An abrupt increase of Hc from 390 to 520 Oe was observed when 
the thickness of the Ta seed layer increased from 2 to 3 nm. This increase was 
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accompanied by a large increase of the peak intensities of [Pd/Co]5 and γ-FeMn, as 
well as a huge increase of KFM,eff from 0.276 to 0.466 Merg/cm3. This increase 
indicates that a Ta seed layer with a thickness greater than 3 nm was thick enough to 
wet the substrate as a continuous film, and it improved the crystal texture of the 
subsequently deposited magnetic layers. The increase of Hex compared to its value for 
the thinner seed layer is mainly attributed to the increase of KAFM × tAFM and KFM,eff × 
tFM because of the improved crystal structure. The large KAFM × tAFM increased the 
pinning strength of FeMn to the [Co/Pd]5 bilayers, while the increase of KFM,eff × tFM 
enhanced Jex by increasing the perpendicular magnetization component of the 
[Co/Pd]n spins at the Co/FeMn interface. These effects are considered to be the main 
reasons for the huge increase of Hex for the thick Ta seed layer over that of the 2-nm 
Ta seed layer. However, Hex did not further increase as the Ta seed layer thickness 
increased from 5 to 7.5 nm, probably because the interface roughness increased for 
the thick Ta seed layer structures. The rough interface may have caused the 
deterioration of the crystal texture of the magnetic layer (decreasing KFM,eff and KAFM) 
and the degradation of Jex (caused by the larger dispersion of the spin orientation at 
the Co/FeMn interface). For the “top exchange bias structure” with a Pd or Cu seed 
layer, the PEB characteristics were limited by KAFM × tAFM, which remained weak 
even when the seed layer thickness was increased. Therefore, Hex remained small and 
constant, regardless of the seed layer thickness.  
 
5.2.5 The effect of seed layer deposition Ar pressures on PEB characteristics 
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Figure 5.7 Dependence of Hc, Hex and KFM,eff on different seed 
layer Ar pressure for (a) 
Si/Ta(3)/[Pd(1.2)/Co(0.3)]5/FeMn(12)/Pd(2 nm) and (b) 
Si/Pd(4)/[Pd(1.2)/Co(0.3)]5/FeMn(12)/Pd(2 nm) and (c) 
Si/Cu(5)/[Pd(1.2)/Co(0.3)]5/FeMn(12)/Pd(2 nm) PEB thin films 
and (e) – (h) perpendicular (solid) and in-plane M-H loops of 
Si/Ta(3)/[Pd(1.2)/Co(0.3)]5/FeMn(12)/Pd(2 nm) with Ta seed 
layer Ar pressure varying from 2, 4, 6, 8 and 10 mTorr 
 
 
Figure 5.7 shows Hc, Hex and KFM,eff of (a) Si/Ta(3)/[Pd/Co]5/FeMn, (b) 
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Si/Pd(4)/[Pd/Co]5/FeMn, and (c) Si/Cu(5 nm)/[Pd/Co]5/FeMn, respectively, as the 
seed layer deposition Ar pressure was varied from 2 to 10 mTorr. The thicknesses of 
the seed layers were chosen to ensure that the seed layer formed a continuous film. As 
observed from fig. 5.7 (a), for the “top exchange bias structure” with the Ta seed layer, 
Hc, Hex, and KFM,eff decreased as the deposition Ar pressure increased. The change of 
the magnetic properties can be understood by the evolution of the microstructure with 
the changing Ar pressure in terms of thin-film nucleation and formation theory. In the 
initial process of the deposition, the mobile adatoms with higher kinetic energy could 
easily move and aggregate when they arrived at the substrate because they underwent 
a smaller number of collisions at low Ar pressure; moreover, the nucleation radius 
also increased as the deposition rate decreased because of the high chemical free 
energy. [30, 31] Therefore, a dense and smooth film with large grain size was formed at 
low Ar pressure, which produced a better crystal texture for the subsequently 
deposited magnetic layers. This assumption is consistent with the results of the 
surface measurement by AFM and the XRD patterns of the Si/Ta(3 
nm)/[Pd/Co]5/FeMn exchange bias thin films, which are shown in figure 5.8 and 
figure 5.9, respectively.  
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(a)
(b)
 
Figure 5.8 AFM results for 
Si/Ta(3)/[Pd(1.2)/Co(0.3)]5/FeMn(12)/Pd(2 nm) PEB thin films 
with Ta deposited at (a) 2 mTorr and (b) 10 mTorr. 
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Figure 5.9 XRD patterns of 
Si/Ta(3)/[Pd(1.2)/Co(0.3)]5/FeMn(12)/Pd(2 nm) PEB thin films for 
different Ar pressures during Ta seed layer deposition.  
 
Fig. 5.8 shows AFM images of the Si/Ta/[Pd/Co]5/FeMn with Ta deposited at Ar 
pressures of 2 and 10 mTorr. At 2 mTorr, Ta deposition yielded a film with a 
roughness value of 0.359 nm, which is much smoother than the sample deposited at 
10 mTorr with a roughness value of 0.859 nm. The AFM image also provides visual 
evidence of a difference in the grain size in which the 2 mTorr sample yielded a much 
larger grain size than the 10 mTorr sample. Fig. 5.9 shows that a strong fcc γ-phase 
(111) FeMn peak was observed at 2θ = 43.2 ° and a strong fcc Pd (111) and hcp α-Co 
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peak co-existed at 2θ = 40.8 ° for the “top exchange bias structure” with a Ta seed 
layer deposited at 2 mT. The peak intensity decreased gradually as the Ar pressure 
increased, indicating that the crystal structure deteriorated with increasing Ar pressure. 
Because of the increase of the interfacial roughness and the deterioration of the crystal 
structure, the perpendicular anisotropy (reflected by the KFM,eff value) degraded at 
high Ar pressure. Consequently, Hex decreased correspondingly with the increase of 
the Ar pressure because KAFM, KFM,eff and Jex were reduced as a result of the rougher 
interface and poor crystal structure. For the “top exchange bias structure” with a Pd or 
Cu seed layer shown in fig. 5.7 (b) and (c), Hc increased with the Ar pressure, due to 
the domain pinning at higher roughness, but Hex remained low regardless of the Ar 
pressure because the exchange bias coupling was constricted by KAFM, which was too 
weak to pin the FM layer.  
 
In summary, it was found that the seed layer properties, such as the material, 
thickness and deposition conditions, significantly affected the perpendicular exchange 
bias (PEB) characteristics of the perpendicularly magnetized [Pd/Co]5/FeMn and 
FeMn/[Co/Pd]5 multilayers. A smooth interface with fine nucleation sites could 
significantly improve the PEB characteristics of the [Pd/Co]5/FeMn structure. The 
smooth interface not only allowed the subsequently deposited magnetic layers to grow 
with a highly oriented crystalline texture, which directly led to large KAFM×tAFM and 
KFM,eff×tFM, the interface also provided a strong Jex between the FM and AFM layers. 
A smooth interface was achieved by choosing a seed layer material with a high 
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surface energy and depositing the seed layer at a low Ar working gas pressure. All of 
these experimental analyses clearly demonstrate that the study of the effect of the seed 
layer can be considered to be an effective scientific approach to control the PEB 
characteristics of the [Pd/Co]5/FeMn based PEB thin film. 
 
5.3 Correlation between the degradation of the perpendicular 
anisotropy and the double hysteresis behavior 
 
5.3.1 Motivation 
The appearance of a double hysteresis was considered to be the most significant 
hurdle to the application of PEB to a variety of applied spintronic devices. Several 
research works examined the problem, including studies on the effects of the 
magnetic domain structure on the double hysteresis behavior and tuning of the double 
hysteresis by thermal annealing.32 - 34 However, there has been no report that explains 
the physical nature of the appearance of the double hysteresis. In this section, the 
work regarding the correlation between the double hysteresis loop behavior and the 
degradation of the perpendicular anisotropy (PA, or KFM,eff) is presented. 
 
5.3.2 Sample preparation 
Perpendicularly magnetized Ta(2.1)/[Pd(0.6)/Co(t)]n/FeMn(11.6)/Ta(2.1 nm) 
exchanged biased thin films were deposited on Si (100) substrates using a 
dc-magnetron sputter at room temperature. The base pressure was maintained below 
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3.0 × 10-7 Torr. The deposition rates of Co and Pd were controlled at 0.076 nm/sec 
and 0.1 nm/sec, respectively. The Co layer thickness in the [Pd/Co] multilayers was 
varied from 0.15 to 0.76 nm, and the number of [Pd/Co] bilayers was varied from 4 to 
6. Magnetic annealing was carried out for 1 hour under vacuum at fixed temperatures 
of 100 °C, and 240 °C to control the thermally induced perpendicular magnetic 
anisotropy in the [Pd/Co] multilayers. A 3.3 kOe DC magnetic field was applied 
along the direction perpendicular to the film plane during the magnetic annealing. The 
magnetic properties, the magnetic domain structures, and the surface roughness were 
analyzed with a vibrating sample magnetometer (VSM), a magnetic force microscope 
(MFM), and an atomic force microscope (AFM), respectively. The crystal structure 
and the crystal phase of the Ta(2.1)/[Pd(0.6)/Co(t)]n/FeMn(11.6)/Ta(2.1 nm) 
exchange biased thin films were characterized by both a Cu-Kα radiated x-ray 
diffractometer (XRD) and a cross-sectional transmission electron microscope (TEM). 
The in-plane tensile stress was numerically calculated by considering the shift of the 
XRD peaks observed from the Ta(2.1)/[Pd(0.6)/Co(t)]n/FeMn (11.6)/Ta(2.1 nm) 
exchange biased thin films with different Co layer thicknesses and numbers of 
[Pd/Co] bilayers. 
 
5.3.3 The appearance of the double hysteresis behavior 
Figures 5.10(a)-(e) show the M-H loops of the Ta(2.1)/[Pd(0.6)/ 
Co(t)]5/FeMn(11.6)/Ta(2.1 nm) thin films with different Co layer thicknesses, varying 
from 0.15 to 0.76 nm. Sample sizes are varied within the series due to manually 
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substrate dicing process. As shown in Fig. 5.10, the double hysteresis became obvious 
as the Co layer thickness increased above 0.61 nm. The ex-situ surface roughness of 
the Ta(2.1)/[Pd(0.6)/Co(t)]5/FeMn(11.6)/Ta(2.1 nm) thin films with different Co layer 
thicknesses were found to be almost constant as the surface roughness changed from 
Rrms = 0.309 nm (tCo = 0.15 nm) to Rrms = 0.338 nm (tCo = 0.76 nm). This result 
indicates that the appearance of the double hysteresis in the Ta/[Pd/Co(t)]5/FeMn/Ta 
thin films is not associated with the interface topology. The double hysteresis that 
appeared in the thicker Co layers can only be interpreted by considering the physical 
correlation between the PA of the [Pd/Co] multilayers and the exchange bias 
characteristics.  
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Figure 5.10 M-H loops of the perpendicularly magnetized 
Ta(2.1)/[Pd(0.6)/ Co(t)]5/FeMn(11.6)/Ta(2.1 nm) exchange 
biased thin films with different Co-layer thicknesses. 
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Figure 5.11 XRD patterns of the perpendicularly magnetized Ta(2.1)/ 
[Pd(0.6)/Co(t)]5/FeMn(11.6)/Ta(2.1 nm) exchange biased thin films 
with different Co layer thicknesses. 
The crystal structures and stress (or strain) variations of the Ta(2.1)/[Pd(0.6)/Co(t, 
t = 0.15 ~ 0.76)]5/FeMn(11.6)/Ta(2.1 nm) thin films were analyzed by XRD. As 
depicted in Fig. 5.11, it was clearly observed that the fcc Pd (111) mixed with hcp 
α-Co (100) peak was shifted from 2θ = 40.82° (tCo = 0.15 nm) to 2θ = 41.5° (tCo = 
0.76 nm) by increasing the Co layer thickness, while the fcc γ-phase FeMn (111) 
peaks remained at 2θ = 43.2º. The shift of the XRD peak is a result of the 
superposition of the two peaks. The latter peak corresponds to the increase of the Co 
layer thickness and is caused by the reduction of the effect of the Pd with the 
increasing thickness of Co. 
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5.3.4 The correlation between the double hysteresis and the perpendicular 
anisotropy 
A previous study reported that the PA (KFM,eff) represents the effective FM 
anisotropy, which is mainly produced by the bulk FM anisotropy (KFM,bulk) and the 
surface anisotropy (KFM,surface). The surface anisotropy (which is also called the 
“interface anisotropy” or the “stress anisotropy”) is expressed as 2ks/tCo because of 
the lattice mismatch between the Co and Pd at the Pd/Co interfaces, and it is inversely 
proportional to the Co layer thickness. Therefore, the PA degrades as the Co thickness 
increases because of the reduction of the surface anisotropy. According to the 
physical nature of the PEB in the [Co/Pd (or Pt)]/FeMn thin film system, it is 
generally agreed that the exchange bias characteristics are strongly dependent on the 
PA of the top Co or a few [Co/Pd(or Pt)] multilayers.35 By assuming the existence of 
a correlation between the PA and the exchange bias characteristics, it can be 
concluded that the appearance of the double hysteresis in the [Co/Pd]/FeMn thin films 
with Co thicknesses greater 0.61 nm is primarily caused by the degradation of the PA 
of the [Co/Pd] multilayers. 
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Figure 5.12 (a) Calculated in-plane tensile stress, and (b) calculated 
effective perpendicular anisotropy energy of the perpendicularly 
magnetized Ta(2.1)/ [Pd(0.6)/Co(t)]n/FeMn(11.6)/Ta(2.1 nm) 
exchange biased thin films with different Co layer thicknesses and 
the number of bilayers. 
To confirm quantitatively our physical assumption that the double hysteresis is 
directly related to the degradation of the PA caused by the tensile stress relaxation, the 
variation of the in-plane tensile stress with the Co layer thickness was numerically 
calculated. Figure 5.12 shows the calculated in-plane tensile stress values and the 
effective PA energy of the Ta(2.1)/[Pd(0.6)/Co(t)]n/ FeMn(11.6)/Ta(2.1 nm) with 
different Co layer thicknesses. Fig. 5.12 (a) clearly shows that the calculated in-plane 
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tensile stress of the [Pd/Co] multilayers decreased linearly as the Co layer thickness 
increased. This result corresponds well with the variation of the calculated effective 
PA energy as the Co thickness varied from 0.30 nm to 0.76 nm, as shown in Fig. 5.12 
(b). 36 For the samples with Co thicknesses lower than 0.3 nm, the Co layer is too thin, 
and only isolated Co patches are formed; consequently, PA cannot fully develop. The 
experimentally and theoretically analyzed results shown in Fig. 5.12 demonstrate that 
the stress relaxation produced by the increase of the Co layer thickness is directly 
related to the degradation of the PA in the [Co/Pd] multilayers. In addition, it is 
apparently confirmed that the appearance of the double hysteresis in the 
Ta(2.1)/[Pd(0.6)/Co(t)]5/FeMn(11.6) /Ta(2.1 nm) thin films with greater Co 
thicknesses is mainly caused by the degradation of the PA by stress relaxation, which 
leads to the formation of a large deviation angle of the Co or of a few [Co/Pd] 
multilayer magnetizations from the perpendicular to the film plane (or the 
development of an in-plane magnetic anisotropy component in the [Co/Pd] 
multilayers). Fig. 5.12 also shows that the calculated in-plane tensile stress and the 
effective PA of the [Co/Pd] multilayers depend on the number of bilayers at the fixed 
Co layer thickness. Smaller numbers of bilayers had a slightly lower effective PA 
because of the small number of Co/Pd interfaces, inducing a smaller interfacial 
in-plane tensile stress in the Co layer. To reconfirm the effects of the degradation of 
the stress-induced PA on the double hysteresis characteristics, the exchange bias 
fields (Hex) of Ta(2.1)/[Pd(0.6)/Co(t)]n/FeMn(11.6)/Ta(2.1 nm) thin films with 
different Co layer thickness and numbers of bilayers (n=4 and n=5) were measured by 
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applying a magnetic field along the in-plane and film-perpendicular directions. 
 
Figure 5.13 (a) Hex of the 
Ta(2.1)/[Pd(0.6)/Co(t)]n/FeMn(11.6)/Ta(2.1 nm) exchange bias 
thin films with different Co layer thicknesses and numbers of 
bilayers measured under an externally applied magnetic field along 
the directions perpendicular (solid mark) and parallel (open mark) 
to the film plane. (b), and (c) show the M-H loops of the 
Ta(2.1)/[Pd(0.6)/Co(0.76)]n/ FeMn(11.6)/Ta(2.1 nm) exchange 
biased thin films with number of bilayers of n=4 and n=5, 
respectively. 
Figure 5.13 (a) shows the dependence of the in-plane and PEB fields on the Co 
layer thickness and the number of [Co/Pd] bilayers. In addition, Fig. 5.13 (b), and (c) 
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show the M-H loops of the Ta(2.1)/[Pd(0.6)/Co(0.76)]n/FeMn(11.6)/Ta(2.1 nm) thin 
films with n=4, and n=5 [Co/Pd] bilayers, respectively. Similar to the results observed 
in Fig. 5.10, the double hysteresis became more evident as the number of bilayers 
decreased and the Co layer thickness increased, provided that the sample still 
exhibited perpendicular anisotropy. Furthermore, it was observed that the in-plane 
exchange bias field appeared more distinctly in the Ta(2.1)/[Pd(0.6)/Co(0.76)]n/ 
FeMn(11.6)/Ta(2.1 nm) thin films with smaller numbers of bilayers. Based on the 
results shown in Fig. 5.13, the appearance of double hysteresis in the exchange biased 
[FM/NM]/AFM thin films can be explained as a phenomenon relevant to the PA of 
the [Co/Pd] FM multilayer. 
5.3.5 Magnetic annealing to confirm the correlation between double hysteresis 
behavior and the perpendicular anisotropy 
To investigate further the physical correlation between the PA and the double 
hysteresis behavior, the effective PA of the as-grown 
Ta(2.1)/[Pd(0.6)/Co(t)]n/FeMn(11.6)/Ta(2.1 nm) thin films was controlled by 
annealing them under a perpendicular magnetic field thermally to induce a PA and a 
Keff-induced in the [Co/Pd] multilayers. 
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Figure 5.14 Effects of magnetic annealing on the exchange bias 
characteristics in the perpendicularly magnetized 
Ta(2.1)/[Pd(0.6)/Co(0.61)]n/FeMn(11.6)/ Ta(2.1 nm) thin films 
with different numbers of bilayers and with different annealing 
temperatures at a fixed magnetic field of 3.3 kOe. (a) n=4, (b) n=5, 
and (c) n=6, respectively. (d) shows the calculated effective 
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perpendicular anisotropy energy obtained from the perpendicularly 
magnetized Ta(2.1)/[Pd(0.6)/Co(t)]5/FeMn(11.6)/Ta(2.1 nm) thin 
films with different Co thicknesses annealed at different 
temperatures. 
Figures 5.14 (a), (b), and (c) show the M-H loops of the 
Ta(2.1)/[Pd(0.6)/Co(0.61)]n/ FeMn(11.6)/Ta(2.1 nm) thin films annealed at fixed 
temperatures of 100 °C and 240 °C, with a 3.3 kOe magnetic field externally applied 
perpendicular to the film plane. Fig. 5.14 clearly shows that the double hysteresis was 
completely removed, and the PEB field was re-developed when the exchange biased 
thin films were annealed at 240 °C, which is higher than the blocking temperature of 
the FeMn anti-ferromagnetic layer. This significant change caused by the magnetic 
annealing is primarily thought to be attributed to the enhancement of the effective PA 
of the [Co/Pd] multilayers. The calculated effective PA, Keff, of the as-grown, 100 °C 
annealed, and 240 °C annealed Ta(2.1)/[Pd(0.6)/Co(t)]5/FeMn(11.6)/ Ta(2.1 nm) thin 
films are shown in Fig. 5.14 (d). There was no significant change of the effective PA 
between the as-grown and 100 °C annealed exchange biased thin films, but the thin 
films annealed at a temperature of 240 °C exhibited a distinct enhancement of their 
effective anisotropy. Although there was a slight reduction of the in-plane tensile 
stress-induced PA because of Co-Pd intermixing at the interface or a change of the 
interfacial surface roughness during the high-temperature annealing at 240 °C, the 
high thermal and magnetic energies allowed the reordering of the [Co/Pd] multilayer 
magnetization, making it more perpendicular to the film plane. This physical 
phenomenon is expected to cause the redevelopment of the PEB and remove the 
double hysteresis. MFM images of the as-grown and annealed 
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Ta(2.1)/[Pd(0.6)/Co(0.61)]4/FeMn(11.6)/Ta(2.1 nm) thin films are shown in Fig. 5.15 
(a) and (b). 
 
Figure 5.15 (a) MFM images of the 
Ta(2.1)/[Pd(0.6)/Co(0.61)]4/FeMn(11.6)/ Ta(2.1 nm) thin films 
 (a) n=4, (as grown, 0.61) 
 (b) n=4, (annealed, 0.61) @240°C, 3.3kOe 
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with (a) as-grown and (b) annealed at 240 °C with a 3.3 kOe 
magnetic field applied perpendicular to the film plane. 
Fig. 5.15 shows that the as-grown Ta(2.1)/[Pd(0.6)/Co(0.61)]4/FeMn 
(11.6)/Ta(2.1 nm) exchange biased thin films exhibit a mesa-domain structure. 
However, in contrast, the exchange biased thin films annealed at 240°C with a 3.3 
kOe perpendicular magnetic field exhibit a strong PA (most of the magnetization is 
aligned perpendicular to the film plane). The mesa-domain structure indicates that the 
as-grown Ta(2.1)/[Pd(0.6)/Co(0.61)]4/FeMn(11.6)/Ta(2.1 nm) exchange biased thin 
films have a weak PA or a mixture of in-plane and weak perpendicular anisotropies. 
The domain structure analysis shown in Fig. 5.15 strongly supports our physical 
assumption that the thermally enhanced effective PA is the main reason for the 
complete removal of the double hysteresis. 
 
The physical nature of the double hysteresis behavior in the perpendicularly 
magnetized Ta(2.1)/[Pd(0.6)/Co(t)]n/ FeMn(11.6)/Ta(2.1 nm) exchange biased thin 
films was explored by changing the thickness of the Co layer and the number of 
bilayers. All of the experimentally and theoretically analyzed results demonstrated 
that the physical reason for the appearance of the double hysteresis was the 
degradation of the effective PA (KFM,eff) in the [Co/Pd] multilayers. Furthermore, it 
was suggested that controlling the effective PA of [Co/Pd] multi-layers is the most 
crucial parameter in obtaining optimum magnetic properties of [Co/Pd] based 
exchange bias spin-valves for spintronics device applications.  
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5.4 Conclusion 
In this chapter, various experimental methods, such as changing the seed layer 
materials and deposition conditions, modification of the [Pd/Co]n/FeMn multilayer 
structures, and magnetic annealing were used to improve the PEB characteristics of 
[Pd/Co]5/FeMn based PEB thin films. The experimental analyses clearly 
demonstrated that controlling the microstructure of the seed layer was an effective 
scientific approach to the control of the PEB characteristics of the [Pd/Co]5/FeMn 
based PEB thin films. Moreover, the physical nature of the double hysteresis loop was 
identified, and it was determined to be related to the degradation of the perpendicular 
anisotropy. This effect can be overcome with the large perpendicular anisotropy 
achieved by optimizing the multilayer structures and by magnetic annealing. 
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CHAPTER 6   STUDY OF MAGNETOELASTIC 
EFFECT ON PEB [Pd/Co]5/FeMn THIN FILM SYSTEM 
 
6.1 Introduction 
The perpendicular anisotropy (KFM,eff) as well as the interfacial exchange coupling 
energy (Jex) play a significant roll in determining the PEB characteristics. The 
perpendicular anisotropy, as well as the FM spin status especially at the FM/AFM 
interface, can be tailored not only by modification of film microstructures, such as 
interfacial roughness or crystal anisotropy, but also by the intrinsic stress in the FM 
film, which is considered as one of the physical origins for observation of the 
perpendicular anisotropy.1 This phenomenon can be understood as the magnetoelastic 
effect.2  
In this chapter, we present the experimental works regarding to improve PEB 
characteristic in [Pd/Co]/FeMn thin film by controlling the 
magneticelastically-induced perpendicular anisotropy. The effectively control of the 
perpendicular anisotropy is achieved by adjusting the intrinsic stress in FM layer, 
externally and internally. 
 
6.2 The effect of externally applied stress in the PEB [Pd/Co]5/FeMn 
thin films  
In this section, exchange bias characteristics of [Pd/Co]5/FeMn thin films with 
perpendicular anisotropy have been explored by externally applying a mechanical 
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stress. It was found that the physical behavior of exchange bias field (Hex) and 
coercivity (Hc) of the [Pd/Co]5/FeMn thin films are closely relevant to the strength of 
applied stress and its direction. Magnetoelastic energy calculation and the physical 
analysis demonstrated that the stress-induced “Villari reversal” of the Co 
magnetizations directly resulted in changing the perpendicular anisotropy of the 
[Co/Pd] multilayers is primarily responsible for the variation in exchange bias 
coupling occurred at the [Co/Pd] and FeMn interface. 
  
6.2.1 Motivation 
Recently, giant magnetoresistance (GMR) or tunneling magnetoresistance (TMR) 
exchange biased spin-valves (EBSVs) with magnetostrictive sensing layer (or free 
layer) has been paid a considerable attention for the miniaturized pressure sensors in 
microelectromechanical systems (MEMS) and biomedical technology applications.3, 4 
The main reason is that this type of magnetic pressure sensor system has 
exceptionally superior technical advantages compared to the conventional tonometer, 
piezoelectric/capacitive based pressure sensors: (1) easy and stable device 
scaling-down to submicron size (conventional sensor: several hundred microsecond to 
a few mm), (2) a higher feasibility of integration with microelectronics, (3) a higher 
signal-to-noise ratio (SNR) as well as gauge factor: ∼ 600 (conventional sensor: 50 ∼ 
150), and (4) faster response time in nanoseconds (conventional sensor: millisecond to 
second).4 - 6  However, the magnetostrictive combined GMR/TMR EBSVs with 
in-plane anisotropy considered for a pressure sensor is limited by the technical 
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challenges: (1) a severe reduction in MR ratio due to the stress-induced magnetic 
anisotropy and EB coupling degradation during the sensor operation, and (2) an 
undesirable magnetic instability relevant to the magnetic vortex (or curling) caused by 
the further device scaled-down to nanometer size for the in vivo applications in 
biomedicine.6, 7 These technical limits currently lead to consider an magnetostrictive 
combined GMR/TMR EBSV with perpendicular anisotropy (PA, or KFM,eff) for a 
magnetic pressure sensor device due to its higher magnetic, mechanical, and thermal 
stabilities  which expect to allow for achieving both higher GMR/TMR ratio and MS 
during the sensor operation. However, in order to apply magnetostrictive combined 
GMR/TMR EBSV with PA for a real pressure sensor, the EB characteristics under the 
applied stress must be first confirmed for the implemented device because the 
stress-induced variation in EB characteristics would be considered as the most crucial 
parameter in determining the GMR/TMR performance in the magnetostrictive 
combined GMR/TMR EBSV magnetic pressure sensors. Accordingly, studies on the 
physical behavior of EB characteristics in the ferromagnetic (FM)/anti-FM thin film 
system with PA under an externally applied stress are urgently necessary. 
In this section, we present on the effects of externally applied stress on the EB 
characteristics in the EB [Pd/Co]5/FeMn thin film, which is a part of 
Si/MS/Cu/[Pd/Co]5/FeMn/Ta EBSV with PA considered for a magnetic pressure 
sensor application. In order to investigate the change in stress-induced EB 
characteristics under the applied stress, two types of mechanical stress, either 
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compressive or tensile, were applied to the EB [Pd/Co]5/FeMn thin films by using a 
bending apparatus.8  
 
6.2.2 Sample preparation 
 
 
Figure 6.1 External stress applied to the sample by a specially 
designed bending apparatus. (a) Standby mode, where no 
stress is applied, (b) the sample is subjected to a tensile stress 
when the platform is bending down; (c) the sample is 
subjected to a compress stress when the platform is bending 
up 
Exchange biased Ta(2)/[Pd(0.6)/Co(0.23)]5/FeMn(10.8)/Ta(2 nm) thin films with 
PA were deposited on the Si (100) substrate using a dc-magnetron sputter at room 
temperature. The base pressure was kept below 2×10−7 Torr  and the Ar working gas 
pressure was fixed at 1.7×10−3 Torr. To investigate the effects of applied external 
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stress on the EB characteristics in the [Pd/Co]5/FeMn thin films, either tensile or 
compressive stress was applied to the film plane both transversely (y-axis) and 
longitudinally (x-axis) by using a specially designed bending apparatus (see Fig. 6.1 
and the insert of Fig. 6.2). The sample was first fixed on a platform, which is a part of 
a customized bending apparatus. The platform can be bent up and down by the 
bending apparatus. The sample experience tensile stress if the platform is bent down, 
while compressive stress when the platform is bent up. 
 
6.2.3 The magnetic properties of the PEB structures under extrinsic stresses 
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Figure 6.2 (a) The variation of coercivity, exchange bias field and 
lattice constant according to applied tensile/compressive stress and 
the M-H loops of  [Pd(0.6)/Co(0.23)]5/FeMn(10.8 ㎚) thin films 
with different (b) tensile and  (c) compressive stress.  
Figure 6.2 shows the dependence of stress on the variation of coercivity (Hc), EB 
field (Hex), and lattice distance of the [Pd/Co]5/FeMn thin films under the applied 
tensile, or compressive stress varied from 0 to 7.75 x 10-1 Gpa, or from 0 to 3.87 x 
10-1 Gpa, respectively. The applied stress was calculated from the bending strain. The 
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bending strain is expressed by / 2txε ρ= , where t is the thickness of the substrate 
including film thickness and ρ is the bending curvature. The transverse strain 
component (y-axis) in the film plane must be zero to maintain continuity in the thin 
film during bending. The strain can be written by  yxx E E
νσσ
ε = −  
and 0y xy E E
σ νσ
ε = − = . By considering Hook’s law, where ν , E and σ  are Poisson’s 
ratio, Young’s modulus, and stress component, the applied tensile stress along the 
x-axis is expressed by, 
y xσ νσ= , and 
2(1 ) x
x E
ν σ
ε
−
= , 21
Ex
x
ε
σ
ν
=
−
.               (6.1) 
As can be seen in Fig. 6.2, the Hex and Hc of the [Pd/Co]5/FeMn thin films were 
increased up to (Hex: 10 %, Hc: 15 %) by increasing the applied tensile stress up to a 
critical value of 5.81 x 10-1 GPa. In addition, those were saturated and even slightly 
decreased by further increasing the applied tensile stress. Since the Co has a negative 
magnetostriction ( 0λ < : -1 x 10-4),9 it can be speculated that the applied tensile stress 
allows for aligning the Co magnetizations more to the perpendicular to the film 
direction. This leads to increase the angle difference between the top Co 
magnetizations and 3-Q structured FeMn magnetizations, which are lied in the (111) 
film surface with 19 ~ 22° canted angle from the film plane direction. 10  By 
considering the physical correlation between the Hex and the interfacial exchange 
coupling energy, it is understood that the Hex is closely related to Jex, which is 
relevant to the PA of [Co/Pd] MLs. To numerically verify the stress-induced magnetic 
reversal, “Villari reversal”,11 of the Co magnetization in the [Co/Pd]5/FeMn thin films 
under the applied stress, magnetoelastic (Villari) energy was calculated using Eq. 
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(6.2). When the stress is applied, the direction of Co magnetization is determined by 
the energy competition between the applied stress induced anisotropy (∆KFM,me) and 
the effective anisotropy (KFM,eff=KFM, crystal + KFM,me)7 in the [Pd/Co] MLs. The two 
energy terms can be expressed by;  
2 2 2 2 2 2
1 1 2 2 3 3 1
2 2 2 2 2 2
100 1 1 2 2 3 3
111 1 2 1 2 2 3 2 3 3 1 3 1
( )
3 / 2 ( )
3 ( )
E K α α α α α α
λ σ α γ α γ α γ
λ σ α α γ γ α α γ γ α α γ γ
= + +
− + +
− + +
               (6.2) 
where α1,α2,α3, γ1,γ2,γ3, are the direction cosine of magnetization and σ is applied 
stress, and K1 is magnetic anisotropy energy. When there is no stress in the 
[Co/Pd]5/FeMn thin films, direction of Co magnetization is mainly determined by the 
effective magnetic anistropy (KFM, eff=KFM, crystal + KFM,me). However when the tensile 
stress is applied to the film, the ∆KFM,me becomes dominant to control the direction of 
Co magnetization (i.e. KFM, eff=KFM, crystal + KFM,me + ∆KFM,me), which can be 
explained by magnetoelastic energy, Eme. If the magnetostriction is isotropic 
( 100 111 sλ λ λ= = (saturation magnetostriction), then Eq. (6.2) can be simplified by; 
2
,
3 cos ( 0)
2me s s Co
E λ σ θ λ= − <                    (6.3) 
where θ  is the angle between the applied stress ( σ ) and the direction of Co 
magnetization. The numerically calculated magnetoelastic energy based on Eq. (6.3) 
was increased from 1.46 x 105 erg/cm3 to 8.72 x 105 erg/cm3 by increasing the applied 
tensile stress from 9.7 x 108 dyne/cm2 to 5.81 x 109 dyne/cm2 (1Pa = 10 dyne/cm2). 
This calculation result implies that the direction of Co magnetization is more 
perpendicularly aligned to the film direction to minimize the magnetoelastic 
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energy meE . Furthermore, this clarifies that the minimization of magnetoelastic energy 
of the Co magnetizations under the applied tensile stress leads to increase the 
stress-induced PA, ∆KFM,me of the [Co/Pd] MLs, which subsequently increase the Hex 
and Hc in the [Co/Pd]5/FeMn thin films. As can be also seen Fig. 6.2 (a), when a 
tensile stress was applied above the critical value (5.81 x 10-1 GPa), the Hex and the 
Hc were saturated and slightly decreased. This indicates that the Villari reversal of the 
[Co/Pd] MLs is limited by the initial magnetostatic energy. In contrast to the tensile 
stress, compressive stress didn’t show any significant change of Hex and Hc as shown 
in Figs. 6.2 (a) and (c). The PA in the [Pd/Co]5/FeMn thin films are naturally 
originated from the interfacial tensile stress caused by the lattice mismatch between 
Co and Pd. From this point of view, when the compressive stress is applied, the 
magnetization alignment at the interface between [Co/Pd] and FeMn would be 
determined by stress competition; (1) the initial tensile stress, making PA, and (2) the 
applied compressive stress, which induces the [Co/Pd] magnetization to lie in the film 
plan since 0Coλ < . Therefore, the applied compressive stress releases the tensile stress 
at the Co/Pd interface resulting in no significant change of Hex and Hc.  
 
6.2.4 Correlation between PA and stress 
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Figure 6.3  XRD patterns of exchange biased 
[Pd(0.6)/Co(0.23)]5/FeMn(10.8 ㎚ ) thin films under the 
mechanically applied tensile and compressive stress. 
XRD patterns of the [Pd/Co]5/FeMn films under the applied tensile and 
compressive stress are shown in Fig. 6.3. The fcc Pd (111) peak mixed with hcp α-Co 
(100) peak was correspondingly shifted from 2θ  = 41.025° (compressive stress: 1.94 
x 10-1 GPa) to 2θ  = 41.236° (tensile stress: 7.75 x 10-1 GPa), while the fcc γ -phase 
FeMn (111) peaks kept their peak position. This indicates that the applied tensile 
stress enhances the in-plane tensile stress, ∆KFM,me at the Co/Pd interface due to the 
lattice contraction of Co in the perpendicular to the film plane direction. XRD 
analysis shown in Fig. 6.3 clearly confirmed that the improvement of PA of the 
[Co/Pd] MLs under the applied tensile stress is directly relevant to the increase of 
tensile stress induced interfacial PA.  
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Figure 6.4  AFM surface roughness results of the 
[Pd(0.6)/Co(0.23)]5/FeMn(10.8 ㎚ ) thin films before and after 
externally applied tensile/compressive stress.  
The roughness of the [Pd/Co]5/FeMn thin films was analyzed, because the surface 
roughness is another crucial factor to control the Hex and the PA of the 
[Pd/Co]5/FeMn films. Figure 6.4 shows the variation of surface roughness of the 
[Pd/Co]5/FeMn thin films before and after applied tensile/compressive stress. As can 
be seen in Fig. 6.4, the applied tensile/compressive stress did not show any obvious 
change of surface roughness. This AFM result directly clarifies that the “Villari 
reversal” is only responsible for the change of Hex and Hc in the [Pd/Co]5/FeMn films 
under the applied external stress.  
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Figure 6.5  The MFM images of  (a) No stress, 
[Pd(0.6)/Co(0.23)]5/FeMn(10.8 ㎚) thin films, (b) 3.87 x 10-1 of tensile 
stress, [Pd(0.6)/Co(0.23)]5/FeMn(10.8 ㎚) thin films, (c) No stress, 
[Co(0.9)/Pd(0.6 ㎚)]5 multi-layers, and (d) 3.87 x 10-1 of tensile stress, 
[Co(0.9)/Pd(0.6 ㎚)]5 multi-layers.  
Figures 6.5 (a) ~ (d) show the magnetic domain images of the [Pd/Co]5 MLs and 
the [Pd/Co]5/FeMn thin films before/after applied tensile stress. As can be clearly 
seen in Fig. 6.5, the development of stripe domain observed from the both [Pd/Co] 
MLs and EB [Pd/Co]5/FeMn thin films under the applied tensile stress demonstrated 
that the applied tensile stress is directly relevant to the improvement of PA in the 
[Co/Pd] MLs.  
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In summary, this section presents that the EB characteristics of [Pd/Co]5/FeMn 
thin films with PA has a strong dependence on the strength of externally applied stress 
and its direction due to the “Villari reversal” induced variation of PA in the [Co/Pd] 
MLs. Furthermore, the [Pd/Co]5/FeMn thin films with PA under the applied stress did 
not show any severe magnetic anisotropy and EB coupling degradation, which would 
be more suitable for the pressure sensor applications. All the experimental and 
theoretical results in this work strongly demonstrated that the PA of the [Co/Pd] MLs 
is the most crucial parameter in determining the EB characteristics of the 
[Pd/Co]5/FeMn thin films. 
 
6.3 The effect of intrinsic stress in the PEB [Pd/Co]5/FeMn thin films  
In this section, the effects of magnetoelastically-induced perpendicular anisotropy, 
KFM,me, on the PEB characteristics in [Co/Pd]5/Fe50Mn50 thin films have been 
explored by inserting ultra thin CoFe magnetic layers with different thickness, 
compositions, and Ar sputtering gas pressures (PAr,CoFe) at the interface between 
[Co/Pd]5 and FeMn. It was clearly found that the [Co/Pd]5/FeMn with CoFe sputtered 
at a low PAr,CoFe showed great enhancement in PEB due to the development of 
intrinsic compressive stress in the CoFe resulting in improving KFM,me and interfacial 
exchange coupling. Additionally, this effect was more significant for Co80Fe20 
insertion than Co90Fe10 due to its larger magnetostriction effect 
 
6.3.1 Motivation 
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The PEB systems considered for PEBSV devices have been mostly based on 
perpendicularly magnetized [Co/Pt(Pd)] multi-layers (PMLs)/anti-ferromagnetic layer 
(AFM) or perpendicularly magnetized FePt(or CoPt) single layer/AFM structure.12, 13 
According to the previous reports, it was found that controlling the product of 
perpendicular magnetization component between the top layer of PMLs (or single 
FM) and AFM interface as well as the effective anisotropy of both AFM and FM layer 
is the most crucial factor to determine the physical characteristics of PEB.14, 15 Hence, 
the research approaches to improve the PEB characteristics done so far were mainly 
focused on enhancing either interfacial exchange coupling (Jex) by adjusting the 
surface roughness of perpendicularly magnetized ferromagnetic (FM)/AFM interface, 
or crystalline effective anisotropy of AFM or FM layer (KAFM,eff, KFM,eff) by 
employing different seed layers and optimizing the crystalline structures.12,16-18 
In this section, we report on another effective technical approach, which can 
significantly enhance the PEB characteristics in [Pd/Co]5 PMLs/FeMn exchange 
biased thin films by tailoring the stress-induced perpendicular anisotropy, which is 
considered as another crucial physical origin of the perpendicular anisotropy of 
[Co/Pd] PMLs.19  
 
6.3.2 Sample preparation 
The Ta(2.1)/[Pd(0.6)/Co(0.23)]5/CoFe(t)/FeMn(11.6)/Ta(2.1 nm) PEB thin films 
with different CoFe insertions were deposited on Si (100) substrate using a 
dc-magnetron sputter at room temperature. The base pressure was kept below 
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3.0×10-7 Torr and the Ar working gas pressure were kept at 2.0 mTorr except for CoFe 
insertion layer. In order to study the effects of KFM,me on the PEB characteristics, the 
CoFe with different compositions (Co80Fe20 and Co90Fe10) and film thicknesses were 
inserted at the interface between [Pd/Co]5 PMLs and FeMn AFM layer. In addition, to 
systematically control the σCoFe from compressive (-) to tensile stress (+) during the 
CoFe film growth, PAr,CoFe was changed from 1.7 to 20 mTorr.  
 
6.3.3 The effect of the CoFe insertion thickness on the PEB characteristics 
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Figure 6.6 Dependence of (a) Hex, Hc and (b) (Hex – Hc) on the 
Co80Fe20 insertion layer thickness in Ta(2.1 nm)/[Pd(0.6 
nm)/Co(0.27 nm)]5/Co80Fe20(t nm)/FeMn(10.7 nm)/Ta(2.1 nm) 
exchange biased multilayers. 
Figure 6.6 shows the dependence of Co80Fe20 insertion layer thickness on the 
change of exchange bias field and pinned coercivity determined by VSM of [Pd(0.6 
nm)/Co(0.27 nm)]5/Co80Fe20(t nm)/FeMn(10.7 nm) multi-layered structures. The 
Co80Fe20 insertion layer thickness was varied from 0 to 1.24 nm. Figure 6.6-(a) shows 
the change of perpendicular exchange bias field and coercivity as a function of the 
insertion layer thickness. Figure 6.6-(b) shows the Hex-Hc values of the [Pd(0.6 
nm)/Co(0.27 nm)]5/Co80Fe20(t nm)/FeMn(10.7 nm) multi-layered structures with 
different Co80Fe20 insertion layer thickness. The perpendicular exchange bias field 
was promisingly larger than the coercivity when the Co80Fe20 insertion layer had the 
thickness in the range between 0.37 and 0.62 nm. This indicates that the Co80Fe20 
insertion layer is effective to enhance the exchange bias characteristics of the [Pd(0.6 
nm)/Co(0.27 nm)]5/Co80Fe20(t nm)/FeMn(10.7 nm) multi-layered structures, 
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probably due to the interfacial exchange bias component formed at the interface 
between the canted magnetization on the top of Co layer and FeMn layer.  
 
Figure 6.7 The normalized EHE loops of 
Ta(2.1)/[Pd(0.6)/Co(0.23)]5/CoFe(t)/FeMn(11.6)/Ta(2.1 nm) PEB thin 
films without and with different CoFe insertion layers and thickness: (a) 
Co80Fe20, t = 0.6, (b) Co80Fe20 t = 0.4, (c) Co90Fe10 t = 0.6, and (d) 
Co90Fe10 t = 0.4, with PAr,CoFe of 3, 5, and 10 mTorr. 
The crystalline structure (or crystalline anisotropy) is considered as a critical 
parameter to generate magnetostriction (magnetoelastic (ME)) effect in magnetic thin 
films.20 To begin with confirming what critical thickness of CoFe insertion need to 
show obvious ME effect, the thickness was changed from 0.4 to 0.6 nm, which is also 
the thickness range for observing a large difference between Hex and Hc. Figure 6.7 
shows the normalized EHE loops of 
Ta(2.1)/[Pd(0.6)/Co(0.23)]5/CoFe(t)/FeMn(11.6)/Ta(2.1 nm) PEB thin films with no 
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insertion and CoFe insertion sputtered at different PAr,CoFe of 3, 5, and 10 mTorr, 
where the insertion layer was (a) Co80Fe20(0.6), (b) Co80Fe20(0.4), (c) Co90Fe10(0.6) 
and (d) Co90Fe10(0.4 nm), respectively. The obvious dependence of exchange bias 
field (Hex) and coercivity (Hc) on the CoFe insertion sputtered at different PAr,CoFe 
was only observed in the PEB thin films with 0.6 nm thick CoFe insertion. This result 
indicates that the existence of CoFe crystalline structure (at least 2 monolayers) is 
critically required to generate ME effect and induce pseudo magnetic phase for 
generating stable perpendicular anisotropy, thus leading to magnetoelastically 
tailoring of KFM,me and Jex at the CoFe/FeMn interface.  
To further and systematically investigate the effects of KFM,me on the PEB 
characteristics, the intrinsic film stress, and the degree of ME effect of CoFe insertion 
were controlled by varying the PAr,CoFe, and using different compositions of CoFe (or 
magnetostriction coefficient, λCoFe) with preferred fcc structure (Co80Fe20 and 
Co90Fe10), respectively. 
 
6.3.4 The magnetic properties of the [Pd/Co]5/FeMn with the CoFe insertion 
layers 
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Figure 6.8 Dependence of (a) Hex and (b) Hc of 
Ta(2.1)/[Pd(0.6)/Co(0.23)]5/Co80Fe20 or Co90Fe10 
(0.6)/FeMn(11.6)/Ta(2.1 nm) PEB thin films on the PAr,CoFe.  
Figure 6.8 shows (a) Hex and (b) Hc of 
Ta(2.1)/[Pd(0.6)/Co(0.23)]5/CoxFe1-x(0.6)/FeMn(11.6)/ Ta(2.1 nm) PEB thin films 
with Co80Fe20 and Co90Fe10 insertion sputtered at different PAr,CoFe varied from 1.7 to 
20 mTorr. As shown in Fig. 6.8, Hex had the largest value at a low PAr,CoFe (1.7 – 3 
mTorr. Hex/Hc = 1.56), and was decreased from ~600 Oe to ~500 Oe when the 
PAr,CoFe was increased up to 20 mTorr. While, the Hc had the smallest value at a low 
PAr,CoFe (1.7 – 3 mTorr), and largest value at PAr,CoFe = 20 mTorr (Hex/Hc = 1.07). The 
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strong dependence of Hex and Hc on the PAr,CoFe can be understood in terms of the 
change in KFM,me and the accordingly varied Jex. For a general PEB system, the total 
anisotropy energy can be expressed as Eq. (6.2), 20 
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where K1 is the anisotropy constant, λ is the magnetostriction coefficient, σ is the 
stress in the layers, α1, α2, α3, are the direction cosines of the saturation magnetization, 
and γ1, γ2, γ3 are the direction cosines of σ. The first term is the crystal anisotropy 
energy, Ecrys, the second and the third term are composed of magnetoelastic energy 
Eme (E = Ecrys + Eme). By assuming that the magnetostriction is isotropic )( 111100 siλλλ == , 
the last two terms can be simplified as Eq. (6.3).  
θσλ 2cos
2
3
simeE −=                       (6.3) 
Where, θ is the angle between σ and Ms thus, the ME-induced perpendicular 
anisotropy can be expressed by,  
σλsimeFMK 2
3
, −=                        (6.4) 
Energy minimization with respect to Eq. (6.4) leads that, when λσ < 0, it is more 
energy favorable for θ to be closer to 90º, indicating that the spins in FM layer tend 
to align to a more perpendicular direction, and the resultant KFM,me also increases as 
described in Eq. (6.4), and vice versa. According to the XRD analysis, there was no 
obvious change in XRD peak intensity of the [Pd/Co]5/CoFe/FeMn PEB thin films 
sputtered at different PAr,CoFe implying that the change of Ecrys with different PAr,CoFe 
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is negligibly small. Therefore, the observed enhancement in PEB characteristics at a 
low PAr,CoFe can be thought to be due to the significant development of Eme and the 
accordingly enhanced KFM, me and Jex. By decreasing the PAr,CoFe, the σCoFe would be 
changed from tensile (σ > 0) to compressive (σ < 0) due to lattice compaction,21 while 
λCoFe remained positive.22 Additionally, by considering Eq. (6.3) ~ (6.4), it can be 
understood that the spins in CoFe would tend to align more perpendicular to the plane 
to maintain a stable energy state, and KFM,me correspondingly became larger at a low 
PAr,CoFe (1.7 – 3 mTorr). As a result, the improved ME-induced perpendicular 
anisotropy results in an increase of Jex and Hex, as Jex is directly related to the product 
of perpendicular magnetization component of FM and AFM spins.14,15 A significant 
decrease of Hc was accompanied with the increase of Hex at a low PAr,CoFe. This result 
can be understood in terms of the degradation of tensile stress existed in the [Pd/Co]5 
PMLs, which is considered as one of the physical origins of the perpendicular 
anisotropy, and the negative magnetostriction coefficient of Co, λCo < 0.19,21 Due to 
the compressive stress induced by the CoFe insertion at the Co/CoFe interface, the 
tensile stress would be degraded and the Co spins are tended to align to the film plane 
direction, thus, resulted in a small Hc at a low PAr,CoFe, and vice versa. In addition, the 
Hex and Hc for the PEB thin films with Co80Fe20 insertion showed a more significant 
dependence on PAr,CoFe compared to the Co90Fe10 insertion. According to Eq (6.4), the 
more significant dependence of Hex and Hc on PAr,CoFe strongly demonstrate that the 
tailoring of KFM,me is the main physical reason for the enhancement of the PEB in the 
[Pd/Co]5 PMLs/CoFe/FeMn thin films, because the Co80Fe20 has much larger λCoFe 
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(λCo80Fe20  = 3 x 10-5) than the Co90Fe10 (λCo90Fe10 = 2 x 10-6) resulting in larger ME 
effects. 
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Figure 6.9 (a) Dependence of film resistivity of 
Ta(2.1)/[Pd(0.6)/Co(0.23)]5/Co80Fe20 or Co90Fe10 (0.6)/FeMn(11.6)/Ta(2.1 
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nm) PEB thin films and single layered Co80Fe20(20 nm) thin films on 
PAr,CoFe, and (b) XRD patterns of 20 nm Co80Fe20 single layered thin films 
deposited at different PAr,CoFe varied from 1.7 to 20 mTorr.  
In order to experimentally verify the effects of σCoFe controlled by PAr,CoFe on the 
PEB characteristics, the microstructure properties closely relevant to film resistivity 
(ρ) and crystal texture were investigated. A low ρ at compressive stress is expected at 
a low PAr,CoFe, due to the condensing of the films by atomic peening process, while a 
high ρ at tensile stress is expected at a high PAr,CoFe, due to a porous film structure as 
explained by the grain boundary relaxation model.21, 23 -24 Figure 6.9(a) shows the 
measured ρ values of 20 nm thick Co80Fe20 single-layered films and 
Ta(2.1)/[Pd(0.6)/Co(0.23)]5/Co80Fe20 or Co90Fe10(0.6)/FeMn(11.6)/Ta(2.1 nm) PEB 
thin films with CoFe insertion sputtered at different PAr,CoFe. The single Co80Fe20 
films and the PEB thin films showed the same trends that the ρ values were increased 
by increasing the PAr,CoFe. In view of the physical relationship between ρ and variation 
of film microstructure, it can be concluded that the tensile stress was developed in the 
CoFe films during sputtering at a high PAr,CoFe, while the compressive stress was 
induced at a low PAr,CoFe. Furthermore, from this analyzed result, it can be indirectly 
speculated that the ME improved KFM,me is due to the development of intrinsic 
compressive stress in the CoFe insertion during the film growth. The stress formed 
during the CoFe film growth was numerically calculated by analyzing the (110) XRD 
peaks of 20 nm Co80Fe20 films sputtered at different PAr,CoFe and employing the 
Hooke’s law. 25 As shown in Fig. 6.9 (b), the calculated stress value clearly confirmed 
that the Co80Fe20 single layered thin films had a compressive stress at a low PAr,CoFe 
(1.7 – 3 mTorr) and the intrinsic film stress was converted to a tensile stress by 
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increasing the PAr,CoFe. 
 
6.3.5 The effect of the surface topology on the [Pd/Co]5/FeMn with the CoFe 
insertion layers 
(a) Inserted CoFe – 1.7 mTorr
Surface roughness: 0.228 nm
Grain size: 20.25 nm
    
   
   
 
    
   
   
(b) Inserted CoFe – 20 mTorr
Surface roughness: 0.224 nm
Grain size: 20.26 nm
 
Figure 6.10 Ex-AFM images of 
Ta(2.1)/[Pd(0.6)/Co(0.23)]5/Co80Fe20(0.6)/FeMn(11.6)/Ta(2.1 nm) PEB 
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thin films with Co80Fe20 insertion deposited at PAr,CoFe of (a) 1.7 and (b) 
20 mTorr. 
The different interface topology, such as the surface roughness or the grain size, 
can also influence on Jex or KFM, due to the variation of spin configuration at the 
PMLs/AFM interface or the grain interaction-induced variation of KFM. To distinctly 
confirm the physical nature for the improvement of PEB in this work, the ex-AFM 
measurements were carried out. Figure 6.10 shows the ex-AFM images of the 
Ta(2.1)/[Pd(0.6)/Co(0.23)]5/Co80Fe20(0.6)/FeMn(11.6)/ Ta(2.1 nm) PEB thin films 
sputtered at (a) a low (1.7 mTorr) and (b) a high (20 mTorr) PAr,CoFe. As can be clearly 
confirmed in Fig. 6.10, the two PEB thin films exhibited no obvious difference in 
surface roughness and grain size indicating that the change of Jex and KFM is not 
associated with the interface topology.  
 
In this section, we have successfully enhanced the PEB characteristics of 
[Pd/Co]5/FeMn thin films by tailoring the magnetoelastically-induced perpendicular 
anisotropy, KFM,me, at the [Pd/Co]/FeMn interface using ultra thin pseudo magnetic 
CoFe insertions with different thickness, compositions, and Ar sputtering gas 
pressures (PAr,CoFe). It was experimentally and theoretically demonstrated that 
tailoring the intrinsic film stress in the CoFe insertion directly resulting in the 
improvement of KFM,me and Jex is the main physical reason for the significant 
enhancement of PEB characteristics in [Pd/Co]5/CoFe/FeMn thin films.  
 
6.4 Conclusion 
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In this chapter, the intrinsic stress in FM layer has been tailored internally and 
externally to modify the spin status at the FM/AFM interface. The 
magnetoelastically-induced perpendicular anisotropy (KFM,me) as well as the 
interfacial exchange coupling (Jex), has been effectively controlled to improve PEB 
characteristic in [Pd/Co]/FeMn thin film significantly.
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  CHAPTER 7  PERPENDICULAR EXCHANGE BIAS 
APPLIED TO EXCHANGE BIASED SPIN-VALVES 
 
 
7.1 Introduction 
Perpendicular exchange bias (PEB) based giant magnetoresistance (GMR) 
spin-valves provide technically promising properties such as high thermal and 
magnetic stabilities, and a lower device operating current density that can allow for 
the development of extremely low dimensional and high reliability devices. 1 - 2  
Therefore, recently, as the demands for higher density, higher speed, and extremely 
low-dimensional metal based spintronics devices have grown enormously, the 
interests on the application of PEB spin valves to the advanced spintronics devices are 
being dramatically increased. 3-4 
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Figure 7.1 Schematics of M–H (a) and MR–H (b) curves of a 
typical spin valve (Hex : exchange-bias field; Hin: interlayer 
coupling field between free and pinned layer; (HFLc1 − HFLc2 ): 
coercivity of free layer; (HPLc1 − HPLc2 ): coercivity of pinned 
layer).5 
Schematic diagrams of M-H and MR loop for a typical exchange biased spin 
valve are shown in Figure 7.1. The free layer and pinned layer are coupled through 
the non-magnetic (usually Cu) spacer. For the spin valve shown in Fig. 7.1, the free 
and pinned layers are ferromagnetically-coupled, as the magnetization is maximum 
and the resistance is minimum at zero magnetic field. When the applied field with 
perpendicular to the film plane direction increases in the reverse direction of the 
pinned field, the free layer will reverse first, resulting in a large resistance due to the 
anti-parallel alignment between the free and pinned layers. The pinned layer would 
eventually reverse if the applied field continues increasing. The system will then 
recover to the low-resistance state followed by the reversal of the free layer. 
As the GMR spin valves are implemented in a high-density magnetic recording 
read head, a considerable concern for the performance of the head is the thermal and 
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magnetic stability of the spin valve multi-layered thin films. The stability in 
spin-valves is generally controlled by the exchange bias coupling strength. A large 
exchange bias provides a strong coupling to pin the magnetization of the pinned layer 
of a GMR spin valve, and it results in a large switching field separation between the 
free layer and pinned layer. Therefore, the stability of the device is significantly 
increased. This is more critical in the patterned structures where the size of the 
devices goes down to so small that there are wide ranges of the switching field 
distribution for both of the free and pinned layers. In this chapter, the perpendicular 
exchange bias characteristics in the application of PEB GMR spin valve will be 
explored. 
 
7.2 Exchange biased GMR spin valve with perpendicular anisotropy 
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Figure 7.2 M-H (a) and GMR (b) curves of the PEB GMR spin valve 
with the structure of Ta(2.0 
nm)/[Pd(0.6)/Co(0.23)]2/Pd(0.6)/Co(0.96)/Cu(2.3)/Co(1.4)/[Pd(0.6)/Co(
0.23)]4/FeMn(10.6)/Ta(2.0) 
Based on the theoretical and experimental findings about the PEB in the 
ferromagnetic/anti-ferromagnetic bi-layered thin films, we developed a GMR spin 
valve thin films with a structure of Ta(2.0 
nm)/[Pd(0.6)/Co(0.23)]2/Pd(0.6)/Co(0.96)/Cu(2.3)/Co(1.4)/[Pd(0.6)/Co(0.23)]4/FeM
n(10.6)/Ta(2.0) to study the physical correlation between the PEB obtained from the 
bi-layers and its practical device applications. The main tasks of this magnetic design 
are to (1) make the pinned layer as stable as possible by implementing the strong 
exchange coupling from anti-ferromagnetic pinning layer to the pinned layer, (2) 
control the interlayer coupling formed between free and pinned layer from partially 
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anti-ferromagnetically coupled to weakly ferromagentically-coupled state, and (3) 
enhance the spin-dependent scattering. In this structure, a thin Ta layer, as studied in 
the previous chapters, is used as the seed layer due to its large surface energy and 
smooth interfacial roughness, which can provide a good foundation for the 
subsequently layers to grow and increase the interfacial exchange coupling, Jex. 
Larger number of [Co/Pd] bilayers is used in the pinned layer, not only to increase the 
pinned layer coercivity, but also to enhance the exchange coupling, as PEB is closely 
related to the perpendicular anisotropy in the FM layers. Thick Co insertion layer 
adjacent to Cu spacer is to increase the effective thickness of the Co that has the spin 
dependent scattering. 
The M-H loop and GMR curve of the PEB GMR spin valve are shown in figure 
7.2. A Hex of 535 Oe is obtained in the GMR spin valve, with a pinned coercivity, 
HPLc, of 400 Oe. Compared with the free layer coecivity, HFLc, of only 270 Oe, the 
switching field difference between FL and PL is large. Two separate switching 
processes, originates from the different coercivities and exchange bias field of the FL 
and PL, ensure the independent switching of the FL and PL. It is well-known that for 
successful application of spin-transfer switching to high density MRAM, the 
perpendicular magnetic GMR structures should be optimized to have smaller free 
layer coercivity (Hc) in order to lower the critical switching current, whereas the 
magnetization of the reference layer should be fixed by using an antiferromagnetic 
pinning layer or by employing a high Hc material in order to realize independent 
magnetization switching. The large switching field difference between the FL and PL 
CHAPTER 7                                     PEB CHARACTERISTICS APPLIED IN SPIN VALVES 
 171 
will avoid the simultaneously switching, and achieve better GMR device stability.6, 7 
Based on the theoretical and experimental findings from the PEB in the multilayer, it 
is understood that the large Hex obtained from the structure is partially due to the 
deposition of a thin Ta seed layer, which not only allows the subsequently deposited 
magnetic layers to grow with a highly oriented crystalline texture, but also provides a 
strong Jex between FM and AFM layers. Compared with other PEB GMR structures 
with other seed layer materials, such as Pd, Ta seed layer can help the Cu spacer to 
grow with fcc (111) crystal texture,8 which favor the subsequently deposited Pd and 
FeMn to grow with their preferredγphase fcc (111) direction as well. γ-FeMn show 
strong AFM anisotropy, is one of the important conditions to observe exchange bias. 
The large Hex is also closely related to the strong KFM,eff generated from the [Co/Pd]4 
bilayers, which provide a large amount of net perpendicular magnetization at the 
Co/FeMn interface to couple with the FeMn spins. γ-FeMn with strong KAFM also 
contributes to the strong exchange coupling. Other than the stability, the MR ratio is 
another important parameter to characterize to performance of the GMR spin valve 
devices. While achieving the high stability in this structure, we also manage to 
maintain a high MR ratio of about 9.0 %, which is comparable to other group 
reported until now.6, 7 
More experimental approaches, such as magnetic annealing, FM layer insertion, 
external stress application, etc. would be attempted to improve the MR performance 
as well as other parameters in the PEB GMR spin valve by utilizing the 
experimentally confirmed results in this work to enhance the PEB characteristics. 
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CHAPTER 8   CONCLUSION 
 
8.1 Overview 
 This thesis provides a detailed examination of the physical origin of the 
perpendicular exchange bias (PEB), as well as effective solutions for improving PEB 
characteristics. The key achievements of this work are as follows: 
1. Establish and experimentally confirm a physical model of PEB based on the 
total energy equation per unit area of an exchange bias system by assuming a 
coherent rotation of the magnetization. The model proposes the following: 
a) PEB is a result of the energy competition between KAFM×tAFM, KFM,eff×tFM 
and Jex. 
b) Jex is directly relevant to the product of the perpendicular magnetization 
component of the FM and AFM spins ( FMAFMexJ βα coscos ×∝ ). 
c) The physical role of KFM,eff×tFM is significant to the enhancement of the 
PEB. 
2. Improve the PEB characteristics effectively by optimizing the PEB magnetic 
multilayer structures to control the microstructure, as well as by elucidating the 
physical origin of the undesired magnetic behavior. 
a) A smooth interface with fine nucleation sites significantly improved the 
PEB characteristics of the [Pd/Co]5/FeMn structure.  
b) The physical origin of the undesired double hysteresis behavior was found 
to be closely related to a weak KFM,eff. A strong KFM,eff can be achieved by 
optimizing the PEB multilayer structures and by perpendicular magnetic 
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annealing. 
3. Successfully improve the PEB characteristics by controlling the 
magnetoelastically-induced perpendicular anisotropy (KFM,me) and the interfacial 
exchange coupling (Jex). 
4. Develop a PEB GMR spin valve device with a high magnetic stability and high 
GMR performance by implementing the theoretical and experimental results 
obtained from the PEB bilayered thin films. 
 
To achieve the aforementioned results successfully, experimental works with 
various sample fabrication and characterization techniques were used to investigate 
and support the results. This chapter summarizes the main results presented in this 
thesis. 
 
8.2 Summary of the results 
 In the first part of this thesis, a physical model of perpendicular exchange bias 
was established based on the total energy equation per unit area of an exchange bias 
system by assuming a coherent rotation of the magnetization. The anisotropy energy 
of the anti-ferromagnetic (AFM) layer (KAFM×tAFM), the ferromagnetic (FM) 
multilayers (KFM,eff×tFM), and the interfacial exchange coupling energy (Jex) were 
considered to be primary physical parameters for the construction of the physical 
model of the PEB phenomenon. This model states that the PEB is a result of the 
energy competition between KAFM×tAFM, KFM,eff×tFM and Jex. KAFM×tAFM ≥Jex is a 
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critical condition for the observation of exchange bias in the system; Jex is directly 
relevant to the product of the perpendicular magnetization component of the FM and 
AFM spin structures, FMAFMexJ βα coscos ×∝ ; and the physical role of the 
perpendicular anisotropy energy, KFM,eff×tFM is significant to the enhancement of the 
PEB. The physical validity of the proposed PEB model was confirmed using 
differently structured exchange-biased [Pd/Co]5/FeMn thin films with perpendicular 
anisotropy. The model will be effective to design and predict a new PEB system for 
advanced spintronics applications. 
Second, based on this model, a series of experimental works were designed to 
improve the PEB characteristics by optimization of the PEB magnetic multilayer 
structures. To study the significant effect of the seed layer on the microstructural 
tailoring of the [Pd/Co]5/FeMn thin film and the resulting modification of the energy 
contribution, various seed layer materials (Ta, Cu and Pd) were chosen as the seed 
layers of the PEB structures because of their different surface energies and crystalline 
textures. The deposition conditions were also varied for the different seed layer 
materials. It was proven that a smooth interface with fine nucleation sites could 
significantly improve the PEB characteristics of the [Pd/Co]5/FeMn structure. A 
smooth interface allows the subsequently deposited magnetic layers to grow with a 
highly oriented crystalline texture, which directly leads to large KAFM×tAFM and 
KFM,eff×tFM values, and it also provides a strong Jex between the FM and AFM layers. 
A smooth interface can be achieved by choosing a seed layer material with a high 
surface energy and depositing the seed layer at a low Ar working gas pressure. 
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The physical origin of the double hysteresis loop, which was considered to be the 
most severe hurdle to the application of the PEB to a variety of applied spintronic 
devices, was also investigated in detail and determined to be related to the weak 
perpendicular anisotropy energy, KFM,eff×tFM. This obstacle can be overcome by 
adjusting the PEB thin film structure and the perpendicular magnetic annealing.  
Although it has been confirmed that KFM,eff has an important role in improving the 
PEB characteristics, and the tensile stress in the [Co/Pd]n multilayers has been 
accepted as one of the main physical causes of the perpendicular anisotropy1, there 
are few works relating to the enhancement of the perpendicular anisotropy by utilizing 
the magnetoelastic effect. In this work, we have successfully controlled the intrinsic 
stress between the PEB multilayers, both externally and internally, to achieve a large 
improvement of the PEB characteristics. Consequently, proper utilization of the 
magnetoelastic effect has been proven to be an effective and significant approach to 
the application of PEB spintronic devices. 
Finally, the theoretical and experimental findings related to PEB bilayered thin 
films were applied to the development of a PEB GMR spin valve device that 
exhibited a high magnetic stability and a high GMR performance. 
 
8.3 Future work 
In this thesis, a detailed study of the physical mechanisms and the improvement of 
the PEB characteristics of magnetic thin films were presented based on the 
[Pd/Co]n/FeMn system. FeMn was chosen as the AFM layer studied in this work 
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because FeMn is easy to grow by sputtering and does not require long or high 
temperature annealing to be transformed to the suitable AF crystallographic phase. 
There are many fundamental studies of FeMn alloys, which provided us many 
references during our study.  
However, other Mn-based AFM materials have recently attracted researchers’ 
attention because they have advantageous magnetic properties, such as larger 
exchange fields and higher blocking temperatures. 2 There are generally two families 
of Mn-based AFM materials. One family includes FeMn, FeMnRh, IrMn, RhMn and 
RuMn, which are itinerant AFMs. The other family includes NiMn, PtMn and 
PdPtMn, which are localized AFMs. The crystal structure of the first family is fcc, 
which is the same as that of the soft ferromagnet with which they are in contact. 
These materials are in the AFM phase in their as-deposited state. The structure of the 
second family is fct, 3, 4 which requires a much higher annealing temperature and a 
greater thickness to undergo a phase transformation into an AFM fct lattice. However, 
the materials from the fct family, especially those that contain precious metals, such 
as Pt or Pd, provide superior corrosion properties to those of the fcc family. Other 
than those listed, most of the materials from the fct family also exhibit better thermal 
stability than the fcc materials. As shown in figure 8.1, researchers have found that 
the blocking temperatures of these materials conform to the following trend: 
FeMn<IrMn<PtPdMn<PtMn<NiMn.5 
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Figure 8.1 Hex vs. temperature for different AFM material spin valves  
 
Currently, most of the published results concerning the exchange bias of Mn-based 
fct family AFM materials report low exchange bias fields, probably because of the 
complicated phase transformation process and other physical reasons. However, it is 
still worthwhile to conduct further experimental works to explore the applications of 
spintronics devices based on AFM layers of materials from this group because of their 
superior thermal stability and corrosion resistance compared with conventional AFM 
materials. 
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